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S o S o h -H-
This work is dedicated to my father and mother, 
James and Josephine, with love.
SUMMARY
This thesis presents the results of a multiparameter experiment
• . . . 2 52 'involving the spontaneous fission of californium, Cf. The aim was
to measure the neutron emission v(A), v(Z) from Cf fission fragments
as a function of the mass A and charge Z of the fragments and also as a
function of the fragment total kinetic energy.
The 'sawtooth' behaviour of both the v(A) and v(Z) curves was
observed. The v(Z) data imply that there is no odd-even Z effect in
fragment neutron emission. The slope of the v(Z) curve for the heavy
fragment was found to be substantially lower than that previously
reported. No 'plateau' effect was seen in the heavy group v(Z) data.
2 52Fine structure in the Cf v(A) curves was observed which correlated
2 52in position with the fine structure peaks of the Cf mass yield curves.
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The possibility of neutron emission as a de-excitation mode for the
primary fission fragments was realised in the very earliest fission
studies^ The systematics of the nuclear charge density indicated that
the primary fragments would be neutron rich and unstable towards 3 decay.
Since it was also known that the excitation energy involved was very large,
(2 3)approximately 200 MeV ’ , neutron emission seemed probable and was soon
observed by a number of groups^’ ̂  , With the realisation that the fission 
neutrons could be used to sustain nuclear 'chain reactions' a great deal of 
effort was devoted to examining their properties in detail. The success­
ful outcome of this work is summarised well in the 1955 and 1958 Geneva
(6 7 )Conferences on the 'Peaceful Uses of Atomic Energy' 9 ,
Studies of the neutrons emitted in the fission process also yield a 
wealth of information about the fission act itself, information which often 
cannot be obtained by any other means. Measurements of the angular 
distribution of fission neutrons showed that the neutrons are emitted from 
the two moving fragments, and further, that they are emitted after the 
fragments have attained their peak velocities. Measurements of the neutron 
energy spectrum showed that the neutron emission could be thought of as a 
'boil-off' or 'evaporation' process from excited fragments which were them­
selves characterised by one or more nuclear temperatures. Experiments 
investigating the numbers of fission neutrons emitted ('multiplicity') 
have cast much light on the energy balance in fission. The variation of 
V (the average number of prompt neutrons emitted per fission) with the 
excitation energy of the compound nucleus (E ) tells us that the excitation 
energy is dissipated almost wholly as neutron emission while ever neutron
2.
emission is energetically possible. The interpretation of the v-E 
relationship in terms of the discrete saddle point energy levels permits 
an estimate of the strength of the coupling between the saddle point 
degrees of freedom and those at scission. That is to say, an estimate 
of whether the distribution of the available energy at the saddle point 
is preserved or lost in the passage to scission. Further, the v-E2̂ 
relationship can also yield valuable data on the relative heights of the 
two Strutinsky potential barriers in fission.
Studies of the neutron emission as a function of the mass of the
emitting fragments show in a remarkably direct way the role of shell effects
in the fragments. The deformation parameters of the individual fragments
may be calculated directly from data of this type. Data on the variation
of total neutron emission with total fragment kinetic energy is related to
the competition between neutron emission and fragment kinetic energy for
the saddle point excitation energy. Data of this type is complementary 
- ^to the V-E data mentioned above.
In the last five years, measurements of the neutron emission from a 
fragment of given nuclear charge Z have become possible. This has been 
due to the advent of high resolution silicon X-ray detectors. These 
detectors are used to measure the energy of the K X-ray characteristic 
of a particular fragment charge. These X-rays are emitted by the fragments 
within a few nanoseconds (mostly) of fission. The high resolution obtainable, 
better than 500 eV FWHM for a 30 keV X-ray, enables identification of 
individual elements.
The interest in V versus Z measurements is two fold. Firstly, we 
would like to observe that the v(Z) curve exhibits the same sawtooth'
3
behaviour as the V versus mass curve, as we expect it should. Resolutions
of one charge unit are equivalent to mass resolutions of about 2,5 amu,
comparable to the best time-of-flight measurements. The second and more
interesting aspect arises from the link between neutron emission and
fragment excitation energy. It is expected that fission into two even
charge fragments will produce about 2 MeV more fragment excitation than
fission into two odd charge f r a g m e n t s ^ , Assuming all the excitation
energy passes into neutron emission, this represents about 0,2 to 0,3
neutrons more from the even Z pair than from the odd Z pair. Thus, an
odd-even Z effect should appear in the total neutron emission. The only
measurements of this effect which have been reported at present are by the
French groups at CEN, Saclay, and at CEA, Bruyeres le Chatel, on the
spontaneous fission of Cf . These groups found no odd-even Z
2 52variation in the Cf neutron emission and also no such variation in the 
fragment kinetic energy E The problem then arises that if the semi­
empirical mass formulae calculat i o n s ^  are correct, just where has the
excess fragment excitation energy gone? The present work is an attempt 
2 52to measure the Cf v(Z) and E (Z) dependences with a higher chargelx
resolution than was used for the French measurements. In addition, the
2 52 •Cf V versus mass dependence is also obtained.
As well as the experimental work reported herein, a survey of develop­
ments in the field of fission neutron studies is also given in Chapters 2 
and 3, The candidate has previously made some contribution to this field
( 12 , 13 , 14 , 15 , 16) (see attachment). Similar surveys are scarce in the
literature.
CHAPTER 2
SOME GENERAL PROPERTIES OF THE FISSION NEUTRONS
Fig 2.1 Angular distribution of prompt neutrons from Pu239 induced to fission 
with thermal neutrons. From reference [17] .
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As mentioned earlier, measurements of the angular and energy 
distributions of fission neutrons gave important evidence as to the origin 
of the neutrons. The first two sections of this chapter review some of 
these measurements, and relate their findings to the conclusion of neutron 
emission from two moving fragments. The third section treats the neutron 
multiplicity and its direct relationship to the question of the dissipation 
of the energy of the compound nucleus after scission.
2.1 Neutron Angular Distribution
In angular distribution studies, the angle of emission of the neutron 
is usually measured with respect to the direction of fragment motion. The 
most significant feature of the distribution - in the laboratory - is the
strong peaking in this fragment motion direction.
In one of the earliest such studies Fraser (17) examined the thermal
neutron fission of and ^^Pu. The collimated fission fragments
were detected in a gridded ionisation chamber, and coincident prompt
neutrons in a given direction were counted by proton recoils in an electron-
239collecting chamber filled with methane. Fraser’s results for Pu are
shown in Figure 2.1. There is a strong peaking of the distribution in the
N(0°)fragment direction of motion. N(90°) , the ratio of the number of neutrons
at 0° to that at 90°, was found to be 4.35 + 0.15.
233 23 5The U and U distributions also displayed this strong peaking.
Fraser accommodated his results to the assumption of isotropic emission 
of neutrons from the fragments, i.e. isotropic in the fragment frame of 
reference, the neutrons being emitted after the fragment has attained its
2.2 The measured angular distribution ( lab) 
of neutrons from C f2 . From [18].
peak velocity (^10 cm/sec). The neutrons therefore have a velocity 
component in the fragment direction, producing the peaking of the 
laboratory spectrum.
Os)A much more exhaustive work was performed by Bowman et al. in 1961^ .
2 52These authors studied the spontaneous fission of Cf. As well as
measuring the angle of neutron emission with respect to a fragment, they
also measured the velocities of the two fragments and the velocities of
the emitted neutrons, in each case by the time-of-flight method. The
laboratory angular distribution they obtained is shown in Figure 2.2.
P., )m can be seen to be about 9.1. Figure 2.3 is another representation 
N(90°)
of their data, showing the neutron distribution as a function of both angle
and neutron velocity. The distribution shown is that of the density
p (V,9), where the probability per fission that a neutron making an angle
0 with the fragment has a velocity V in the interval dV within the solid
2angle dw is yo(V,0)V dV dw. A visual examination of this figure suggests 
that the neutron distribution is consistent with approximately isotropic 
emission from two moving fragments. That is, the fact that the lines of 
constant p have the form of elongated ovals suggests that the neutrons 
have been emitted from two sources moving in opposite directions with 
velocities about the same as those of the fragments.
Bowman et al. then proceeded to examine their data more quantitatively 
in order to test the hypothesis of isotropic emission from the moving 
fragments. Their method was to represent the overall features of the data 
by simple analytic expressions corresponding to the assumption of emission 
of neutrons from the moving fragments, and to see how well the data could 
be fitted to such expressions. In the main, the results of this procedure
Fig 2.3 Contour diagram in polar coordinates of observed neutron density distri­
bution p{ V, 6) as a function of neutron velocity and angle. From Bowman, Thomp­
son, Milton, and Swiatecki. [18] The contour lines are lines of constant neutron 






















Fig 2.L Ratio ( measured / calculated ) 
of neutron numbers versus 
angle. Initial calculation.






















Fig 2.5 Same ratio, but with a 10%>
isotropic component in calculations.
7.
confirmed the conclusions of the more qualitative approach above.
There did, however, exist a significant discrepancy between the 
calculated distribution and the measured one at an emission angle of 
90°. Figure 2.4 shows the ratio of measured to calculated values for 
numbers of neutrons, average velocities and average energies, as a 
function of emission angle. There is obviously a systematic rise in 
the observed number of neutrons as one approaches 90°. This implies 
that a fraction of the neutrons, rather than being emitted from the 
moving fragments, is emitted isotropically in the laboratory system.
Bowman et al. repeated their calculation of the neutron distribution, 
this time assuming 10 per cent of the neutrons to be distributed 
isotropically in the laboratory system with average energy 2.6 MeV 
(laboratory system). Their results are compared with the measured 
values in Figure 2.5. It is clear that the rise towards 90° has been 
removed, confirming the existence of this second group of neutrons - 
the ’scission1 neutrons. These neutrons are thought to be produced in 
the scission process itself, at about the time of rupture of the 
elongated 'neck' joining the two nascent fragments. They are distributed 
isotropically in the laboratory system. Thus only about 85 to 90 per 
cent of the neutrons produced in the fission process arise from the two 
fragments, the other 10 to 15 per cent being the scission neutrons.
2.2 Neutron Energy Spectrum
The energy distribution of fission neutrons is very close to a
Maxwellian distribution. Figure 2.6 shows the data of Barton et al.

















Fig 2.6 Comparison of semi-empirical expressions of the energy spectrum of 
fission neutrons with experimental measurements at Los Alamos on neutrons from 
thermal fission of U 235. From [19].
8.
two fitted curves shown are
N(E) a E* exp (2.1)
a Maxwellian distribution, and
N(E) a exp ■ • sinh (2.29E)U.yt) j
JLX (2.2)
the so-called ’Watt' spectrum.
N(E) is the number of fission neutrons with energy E, in the laboratory 
system.
Equations (2.1) and (2.2) represent the two different approaches 
made in fitting the measured spectrum. The assumption of a Maxwellian 
distribution does not have a rigorous theoretical basis: its justifica­
tion lies purely in the fact that it provides a good fit to the data.
The constant 1.29 in equation (2.1) is chosen to provide the best fit 
to the data, and is merely a parameter of the spectrum. It does not 
represent a nuclear temperature. The Watt spectrum is derived by assum­
ing that the neutron emission spectrum in the centre-of-mass system (CMS) 
is a Maxwellian (see below). The more general form of the Watt spectrum 
is ~
N(E) = exp (% Ef T) . exp
(2.3)
where Ewhere E^ is the energy of a neutron having the velocity of the fragment 
and T is a spectrum parameter.^ For the Maxwellian distribution, the 
average energy E, and the most probable energy E^ are given by
^The Watt distribution includes the Maxwellian as a special case, viz





T = E 
2 3 ...(2.5)
(T is the Maxwellian spectrum parameter)
For the Watt spectrum^^
E = Ef + ^  ...(2.6)
and tanh(2E* e J /T) = 2(Ep Ef)V(E + Ef) ...(2.7)
For most nuclides, E^ lies in the range 0.6 to 0.7 MeV, with 
1.8<E <2.1 MeV. The neutron intensity varies as E* at low energies 
and exponentially at high energies.
Derivation of Energy Spectrum Formulae
The major difficulty in deriving an expression for the neutron 
energy spectrum in the laboratory system is that the energy spectrum in 
the CMS is not known with certainty. If it is assumed that the neutrons 
are all emitted from the fragments after they (the fragments) have 
reached their peak velocities, and also that the neutron emission is 
isotropic in the CMS, then
E Ef + e c m ...(2.8)
E and E^ are as defined above (2.3) and (2.4) and E ^  is the average
( 21 )centre-of-mass neutron energy. Following Feather , isotropic emission 
results in a uniform distribution of energies in the labroatory system,
N(E> = (Ef Ecm) - for (ECM - E iLf





and N(E) = 0 elsewhere ...(2.10)
If the CMS energy distribution is ^(E^), then for a given E^,
N(E) =
(E*+Ep2 tf(E ) dECM
(E -Ef) A(Ef v 1
...(2.11)
The form of the in equation (2.11) now determines the final
expression for N(E). Feather assumed an emission spectrum of the form
5i(ECM) = <ECM/T2) 6Xp('ECM/T) ...(2.12)
• f awhere T is the nuclear temperature of a fragment.
This is simply the neutron 'evaporation' spectrum predicted by Weisskopf's
. . (22) •statistical model of the nucleus . It was thought that the highly
excited fission fragments should be appropriate systems for the application
of this model.
Combining equations (2.11) and (2.12) gives




F(x) = -2x(27l) a exp(-xV2) + (2%) a j  exp(-t^/2)dt
(23)
...(2.14)-x
and is composed of tabulated probability functions
It should be emphasised that whereas the ’T in the Maxwellian and Watt
spectra is only a parameter, the 'T ' in equation (2.12) does describe a
fa.nuclear temperature. It is related to the excitation energy E of the
f a  2compound nucleus by E = aT , where a is a constant which increases 
slowly with mass.
Fig 2.7 Normalized fission neutron spectra based on evaporation 
theory, compared with Maxwellian distributions for the same average energy. Two examples are shown, chosen to represent ^ + « (£ = 1 .9 3 5  Mev) and Cf262(E=2.15 Mev). These spectra «ere produced by combining a number of Feather spectra to five the expected distribution of temperature and fragment velocity. Feather’s spectrum for a single temperature and fragment velocity is shown for comparison. From [20].
The average laboratory energy E and most probable energy E 
Feather distribution are given by
P for this
È = E + 2T ...(2.15)
j_  J _  X
and tanh(2Ea E* /T) = (E./E )* ...(2.16)p f f p
The Watt distribution (equation (3.3)) may be obtained in similar 
fashion to the above by assuming a Maxwellian form for 0(E^) and 
substituting in equation (2.11).
Even though the Feather spectrum has the more sound theoretical 
derivation, it does not fit the experimental data nearly so well as do
the Maxwellian and Watt spectra. Figure 2.7 compares a Feather spectrum
with temperature T = 0.5775 MeV (corresponding to an average laboratory 
energy E of 1.935 MeV, i.e. the case of U plus thermal neutrons) with 
a Maxwellian distribution of the same average energy (centre curve, 
continuous line). The agreement is poor, particularly for E > 5  MeV.
In the above (equations (2.12) through (2.16)) T is assumed single­
valued. A significant improvement to the theory can be made by taking
into account the fact that the second and subsequent neutrons will be
emitted from a less-excited nucleus, corresponding to a lower nuclear
C L7 2 A)temperature. It has been shown' 9 that even a simple combination 
of two evaporation components with different values of T can produce good 
agreement with the neutron spectra in the laboratory system. Terrel^20  ̂
performed a more complete analysis in which he weighted together fourteen 
Feather spectra using a separate fragment velocity for the light and 
heavy fragments and seven different nuclear temperatures. These
3 0009 03088 7785
12.
temperatures were weighted in accordance with a nuclear temperature
distribution which itself was derived from the distribution of initial
fragment excitation energies. This ’multi-component' Feather (or
’evaporation’) spectrum is also shown in Figure 2.7, for the two cases 
235 _U plus thermal neutrons (E = 1.935 MeV, and average temperature 
T = 0.58 MeV) and spontaneous fission of Cf (E = 2.15 MeV,
T = 0.69 MeV). Note the close agreement in each case with the simple 
Maxwellian expression of the same average energy. This agreement is 
very convenient, in view of the simple properties of the one-parameter 
Maxwellian distribution . The Maxwellian form is therefore commonly 
used in calculations involving the neutron energy spectrum.
^25 26)Recent measurements, however, 9 of fission-spectrum-averaged
values of energy-dependent cross sections have raised doubts regarding
both the shape and mean energy of fission neutron spectra. They
- 235suggest, for example, that E for U is about 2.2 MeV, rather than the 
’accepted’ value of about 1.95 MeV. The situation is rather 
unsatisfactory at present.
2,3 Multiplicity
The term neutron 'multiplicity' refers to the numbers of neutrons 
emitted in the fission process. In any given fission event any number 
of neutrons ranging from zero up to about six or seven neutrons may be 
emitted (higher numbers are relatively rare). The average number
*For a Maxwellian: E = E/3, Q2(E) = <E2> - E2 = 2E2/3, <E*>= (8E/3rc)*,P
- kand a } = (6/ftE)
13
(average over all fission modes) emitted per fission event, V, is an
i
important parameter in reactor calculations. Note: V throughout 
this thesis is meant to describe the prompt neutrons emitted in fission, 
within about 10 ^  secs after scission. It does not include the delayed 
neutrons associated with fission, which are emitted some seconds after 
scission. These delayed neutrons arise from fission products which, when 
formed in the fission chain decay scheme, have an excitation greater than 
their corresponding neutron binding energy. The number V needs to be 
known with a high degree of accuracy for various fissile nuclides (better 
than one per cent for thermal reactors). One reason for this is that 
estimates of the critical mass of fuel needed for a given reactor 
configuration are directly related to V, Uncertainties of 2 per cent in
V give rise to uncertainties of from 6 to 20 per cent in critical mass
.. . (27)estimates ,
Another reason for an accurate knowledge of V is the information 
this gives on the energy balance in fission. The energy of the fission­
ing compound nucleus is dissipated mainly either as kinetic energy of the 
two fragments or as fragment excitation energy. The excitation energy 
then passes primarily into prompt neutron emission, with some going into 
prompt gamma ray emission, v data is thus a valuable probe into the 
mechanism of the competition between the different modes of energy release, 
2,3a V versus Energy
In this section the way in which the average number of neutrons 
emitted varies with the energy of the fission-inducing neutron will be
treated Discussion will be initially restricted to 235U
'¿I
14.
* O o cFigure 2.8 shows results of some of the early U work in this
field: by Hopkins and Diven at Los Alamos^ and by Mather et al.
( 2 9 )at Aldermaston . Each of these groups used the large liquid 
scintillator tank method to count fission neutrons. It can be seen 
that over most of the range of incident neutron energy E , the V 
behaviour can be well represented by a straight line, with slope 0.16 
neutrons per MeV. For ¿2 MeV the line changes slope, to 0,085 
neutrons per MeV.
The value 0.16 for the slope was about that expected at first guess: ,
2 3 5the average binding energy of a neutron to a U fission fragment is 
about 5 MeV, while the average kinetic energy carried away by the neutron 
is about 2 MeV (laboratory system). Thus for approximately every 7 MeV 
of added energy one would expect a neutron to be emitted from the fragment. 
More exactly:
E- n ,v = T--- T ...(2.17)
B + en
where Bn is the average binding energy of a neutron to a fragment,
¿ is the average kinetic energy of an evaporated neutron in
the fragment system,
* Aand E^ is the average fragment excitation carried off by the
neutrons. is given by
éan = E + B + E - E - Ev M o n K T ...(2.18)
15.
where is the average energy obtained from a hypothetical
spontaneous fission of the compound nucleus with 
zero excitation energy,
B is the binding energy of a neutron to the fissioning o
nucleus,
E is the average kinetic energy of the fission fragments, and K.
E^ is the average total energy of the prompt fission gamma rays.
These averages are all made over the mass-yield distribution.
—iOcBy differentiating equation (2.17) with respect to E^, assuming that 
E^ and E^ are independent of E^, and by substitution for the relevant 
quantities, one finds
= 0.14 MeV'1 ...(2.19)dEn
-1which is close to the 0.16 MeV value mentioned above.
The lower slope for V versus E below 2 MeV was difficult to explain. r n
The most likely reason was that the above assumption of constant E^ and
E^ was incorrect. That is, either or both of these quantities displays
a dependence on E , between 0 and 2 MeV. For example, if Ê . increased
with E in this region, less of the energy of the compound nucleus would n
be available to pass into excitation energy of the fragments, that is 
into neutron emission. Similarly for E^. However, measurements by
Okolovich et al.^30  ̂ indicated that E was the same for both thermal andK.
2 3 55 MeV fission of U to within +0.1 per cent. Further, Protopopov and
Shiriaev^31  ̂ found no difference in the total T emission from thermal,
2352.8 and 14.7 MeV neutron induced fission of U. It seemed some other
F ig  2.9 R e su lt s  of the  re la tive  m e asu re m e n ts  of i7 (E n ) .  £  d e sign a te s  
sc in tilla tion  de tector of n e u t r o n s , §  the thorium  fis s io n  cham ber.  
O bninsk re su lts  [32] .
16.
explanation was needed to explain the slope change.
The picture became even more complicated when two groups,
• (32)Blyumkina et al. at Obninsk and Meadows and Whalen at Argonne
. (33) -National Laboratory reported finding fine structure in the V energy
dependence below 1 MeV. Figures 2.9 and 2.10 show their results.
Both groups observed a peak in the v(E^) curve at about 400 keV incident
neutron energy. The ANL group even found evidence for an associated
minimum at 350 keV. Above 600 keV the curve returned to a straight
d v 1line relationship, with -jjg—  ̂ 0 . 1 5  neutrons MeV . The amplitude of
n
the fine structure was about 3 per cent in each case. As the quoted
errors on the experimental points were^l per cent, the effect seemed
a real one - not one attributable to statistical scatter.
The fine structure could be tentatively explained in terms of the
(34)Bohr model of a fissioning nucleus . It is assumed that the energy 
of the low-lying rotational bands of the saddle point spectrum passes 
into a part of the fragment kinetic energy. As increases, parity 
considerations force the fission to take place through particular bands.
Knowing the band separationv , the variation of Ê . with E^, and
- (32)hence of V with E , could be calculated. Such calculations were inn
good agreement with the experimental data.
In 1968-69 the candidate, in collaboration with Dr. J. W. Boldeman, 
examined closely the v behaviour below 2 MeV for U (12, copy attached). 
A large liquid scintillator tank was used as the neutron detector. For 
full details of the experimental method see references (38) and (12). No 
evidence whatsoever was found of the fine structure reported by Blyumkina 
et al. and Meadows and Whalen. Our data are shown in Figure 2.11.
En(MevO
.11 vp VERSUS INCIDENT NEUTRON ENERGY (E n )-  

































£  DYACHENKO ET AL (19S8) 
£  BOLSHOV ET AL (1968) 
$ BLYUMKINA ET AL (1964)
Fig 2.12 à versus incident neutron energy E n : Com parison o f  data  by different 
au thors for U 2 35.
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The results are considerably more accurate than the other two sets, 
especially in the region of primary interest (300-600 keV).
23 5
As a check on our v(E ) findings, the variation with E of then & ’ n
U fragment average total kinetic energy E was studied at LucasK
Heights by Ajitanand and Bo 1deman (39) It was found that over the
measured energy range (0<E^< 1 MeV) E is independent of E^. Figure
(39)2.12 shows the kinetic energy results of Ajitanand and Boldeman ,
, , . , , , r (32,40,41,42) .together with the data of some other authors . A  flat
E (E ) dependence is in good agreement with the assertion of a linear K. n
V (E ) relationship, p n r
The V studies mentioned above allow certain conclusions to be drawn 
as to the interaction or coupling strength between the collective saddle 
point degrees of freedom and the nucleonic degrees of freedom at scission. 
If one assumes that the potential energy barrier in fission is single­
humped, as was generally accepted to be the case up to the mid-1960’s
(1 2 )then the Boldeman and Walsh' 1 conclusion of no fine structure implies 
that the saddle to scission coupling must be strong. That is, the 
distribution of the available energy at the saddle point is not 
preserved in the passage to scission, but passes wholly into fragment 
excitation energy. However, the more recent description of the fission 
potential barrier by Strutinsky^3’ ̂  results in rather different 
coupling strength conclusions. The Strutinsky 'double-humped' potential 
barrier is shown in Figure 2.13. With each barrier there are associated 
collective levels of the A. Bohr type. The higher of the two barriers
corresponds to the (d,pf) fission threshold of Northrop et al. (35) For
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Fig 2.13 THE DOUBLE HUMPED BARRIER IN THE DEFORMATION 
ENERGY OF A HEAVY NUCLEUS ( SCHEMATIC) FROM [43],
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which barrier is the higher. If the second barrier is higher for 
236U then it may be concluded that the saddle to scission coupling 
is strong, as in the single-humped barrier case. However, if the 
second barrier is lower than the first, then for a particular entry 
channel at the first, a large number of channels may be available 
at the second. This could result in an averaging out of any effects 
arising from the discrete nature of the collective channels available 
at the first barrier. No clear-cut indication of the coupling strength 
would exist. Fine structure could be absent, and yet the coupling 
could still be weak.
Further V versus energy studies have been made by Boldeman and
Walsh on U and on Pu (copies attached). No fine
233 239structure was observed for either U or Pu. The authors came to
the conclusion that for all three nuclides, the saddle to scission
235 2 39coupling is weak. They suggested that in the cases of U and Pu,
the weak coupling does not produce any fine structure effects simply
because barrier B (second barrier) for these two is lower than barrier A. 
233For U, which probably has barrier B higher than A and therefore should
233show up some fine structure, it was pointed out that the first U 
fission threshold lies 1.5 MeV below the binding energy of the incoming 
neutron. Thus, in the region of excitation energy corresponding to 
neutron induced fission, a number of different K bands, each with its 
own set of I (total spin) levels, would be expected (e.g. K = 1 bending 
mode band, K = 2 T vibration b a n d ^ 5^). This would serve to smear out 
the fine structure effects which one would expect if only two K bands 
were present at the first barrier.
19.
Basic to the above argument is the idea that in passing from
233 235 239neutron fission of U to neutron fission of U and Pu, barrier
B drops from the higher to the lower of the two barriers. Evidence
for this fact lies in the fission fragment angular anisotropy studies
of a number of authors (see 46). These studies showed a marked change
in anisotropy between compound nuclei A = 234 and A = 240. This change
can be attributed to a shift in barrier heights, B becoming lower than A.
At the present time, the existence of fine structure in the V-E^ 
curve is still a matter of some disagreement.
n
However, the phenomenon of a change in slope in the curve, as shown
in Figure 2.8, has been fairly well established for and 233^ ̂ 2, 13) ̂
ABelow the pairing gap energy , de-excitation by gamma emission competes 
with neutron emission for the available energy of the saddle point 
nucleus; that is the average total gamma energy increases slightly with 
E^. The gamma competition1 is weaker, the more unpaired nucleons present
/ IQ \
in the compound nucleusv . Therefore at the pairing gap the gamma
(49)competition decreases, perhaps vanishing altogether . This results 
in a sudden increase in the neutron emission at the pairing gap, and shows 
up as a change in the V-E^ slope.
2,3b Distribution of Neutron Emission Numbers
As well as the mean number of fission neutrons emitted by a 
particular nuclide, the distribution of neutron numbers around this 
mean is of importance. From equation (2.18) above, for a given mass
AThe energy above threshold needed to induce single-particle transitions 
in the saddle point nucleus
20.
ratio the distribution of fragment excitation energy (o ) around the
- x
mean value Ex is equal to the distribution of fragment kinetic energy
(o ) around the mean E . As the excitation energy passes mainly
K
into neutron emission, measurements of the width of the neutron number 
distribution should give results in close agreement with those of the 
kinetic energy studies. Another important reason for measuring neutron 
number widths is the information that may be gained on the correlation 
between the excitation energies of the light and heavy fragment of a 
given split. As discussed in Chapter 1, if





2 , 2 O — + G TT VL VH ...(2.21)
then the two fragment excitations are independent. The procedure here 
entails determining the neutron emission width for each fragment group, 
i.e. light and heavy.
A number of V studies have included a measurement of the
( 5 0 , 5 1 , 3 8 ) , ,  ̂ „distribution * . is the probability of emission of an
integral number, V, of neutrons per fission. In the case of the
liquid scintillator experiment of Boldeman and Daltonv , the P^
determinations were made by including in the neutron counting system
a 'multiple event counter'. For each particular fission event, this
unit stored the number of neutrons detected in both the counting gate
and in the background gate. The P^ values are given by







x=v vl(x-v) - ¿ r  a i  ^ ...(2.22)
where = experimentally determined probabilities of
observing x neutrons per fission
£ = neutron detection efficiency of the scintillator.
Equation (2.22) is due to Diven et al,^^^ Figure 2.14 shows the
Py distributions measured in this experiment for
The continuous curve shown in Figure 2.14 is drawn 'by eye'. It
is close to a Gaussian, which is to be expected since the fragment
total kinetic energy distribution is Gaussian in shape^52\  The
standard deviation, o, of the U neutron number distribution is
(53) .about 1.1. From Terrel , if the average fragment excitation
energy change caused by the emission of one neutron is E , then theo
RMS width of the excitation energy distribution must be oE . Foro
Eq ^ 10 MeV (see section 3.2) this gives an RMS width of ~»11 MeV,
corresponding to a FWHM of ^26 MeV. This value agrees well with
recent results for the 2^ U  total kinetic energy FWHM of 27 MeV^*^
( 55)and ^26 MeVv .
Terre 1 ^ ^ ,  Leachman^^ and Gordon and A r a s ^ ^  have attempted 
to calculate theoretically the shape. The Gordon and Aras treat­
ment is the more recent and important and will be discussed here.
Their procedure was to calculate the total energy release E^ for a 
particular mass and charge split by the equation
22.
et = ^ m (236u*) - ( 4 ^  + ¿ m h) ...(2.23)
236The mass excesses A M  for the excited U compound nucleus and for the 
light and heavy fragments are calculated from Seeger's semi-empirical 
mass formulav . If E is assumed independent of the charge split
' M  / M—  I for a particular mass splitf —  j, then the excitation energy E 
H V h X
is given by
EX - ET - Ek ( ^ ...(2.24)
The kinetic energy values are taken from experiment. Equation (2.24) 
requires the excitation energy distribution to be the same as the kinetic 
energy distribution, i.e.
°E °e kx K
...(2.25)
It was further assumed that the light and heavy fragment excitation 
energies are uncorrelated
2 , 2








—^  was left a free parameter in the calculations, being allowed to vary
ExH v L
until the correct ratio was obtained for “ •
H
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After selecting, in line with the above, an excitation energy 
for a given primary fragment, de-excitation of the fragment by the 
emission of neutrons and T-rays was determined by a Monte Carlo method. 
Finally, the results were averaged over the excitation energy distribu­
tion and over the fragment mass yield. Whereas nearly all aspects of 
the calculation agreed well with experiment (e.g. total Y-ray energy
release) the calculated value of 1.39 was considerably larger than 
235the U value of 1.112 + 0.004. To resolve this important 
discrepancy, the authors considered the effect of assuming either 
positive or negative correlation between the light and heavy fragment 
excitation energies. No improvement was obtained. Gordon and Aras 
concluded that the next most obvious method of reducing the calculated 
value was by relaxing the assumption implied by equation (2.24), that
the charge division. At present this anomaly in the calculated and
(5 9) - #experimental data of Glendenin et al. found to be independent of
is by allowing E to vary for a given However, recentK.
measured neutron emission widths remains unresolved
CHAPTER 3
NEUTRON EMISSION FROM INDIVIDUAL FRAGMENTS
24.
The previous chapter was concerned with properties of the fission 
neutrons which were average properties - averaged over the entire range 
of fragment mass, charge and kinetic energy. The important conclusions 
drawn from the average data were:
(a) the majority of the neutrons are emitted from the fragments 
after they have separated and after they have reached their 
terminal velocities;
(b) the neutrons are emitted by an evaporation process, best 
described by a number of nuclear temperatures.
The discussion now turns to the situation where the neutrons can be 
identified with the particular fragment which emitted them.
3.1 y Versus Mass
3.la Experimental Studies
The first experiment in which the prompt fission neutrons were 
identified with a fragment of given mass was that of Fraser and Milton 
at Chalk River in 19 5 4 ^ ° \  They studied the thermal neutron fission of
ooo ( 17 ) #
L u. An earlier study by Fraser on the angular distribution of 
fission neutrons found that on average the light fragment group emitted 
30 per cent more neutrons than the heavy fragment group. The Fraser 
and Milton (1954) study was designed to examine this interesting result 
more closely. Their fission chamber was a double back-to-back grid 
ionisation chamber, containing the U. The amplitude of a pulse 
from one side of the chamber is proportional to the ionisation energy 
of the fragment initiating it. The fission neutrons were detected in 
























F ig 3.1a R elative neutron emission probability a s  a function« 
mass ratio for the light and heavy fragments. From  [60]
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The strong peaking of the neutrons in the direction of motion of the 
fragment (discussed in section 2.1) enabled identification of the 
emitting fragments. The ratio of the two fragment ionisation energies 
in the fission chamber is approximately proportional to the mass ratio 
of the fragments. Data were only recorded when a triple coincidence 
between two fragments and a prompt neutron was established.
The outstanding result of this experiment was that the neutrons were 
found to be emitted predominantly by the heaviest light fragments and by 
the heaviest heavy fragments. Figure 3.1a shows the neutron emission
versus mass ratio curves presented by the experimenters^^ while
/ £ 1 \
Figure 3.1b shows an alternative presentation of the same data
233 . . . .  .superimposed on the U mass yield distribution. There is an apparent
discontinuity near symmetry between the and curves of Figure 3.1b. 
(v describes neutron emission from the light fragment group, V fromJLj
the heavy fragment group.) Also the individual and curves have 
a considerable slope through each mass peak, while the total neutron 
yield v(= V + v ) is approximately constant. These surprising results
Lt ri
met with some scepticism at first. A major reason for this was
uncertainty in the neutron detection efficiency correction. The 
ionisation chamber neutron detectors were strongly energy dependent in 
efficiency. Furthermore, the neutron counting efficiency depended 
strongly on the angular correlation of the neutrons with fragment 
direction, an effect which varies with fragment mass and which is very 
sensitive to the precise form of the centre**of-mass emission spectrum 
chosen. Also the counting efficiency of the neutron detectors was low, 
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Fig 3.1b Neutron and mass yields for fission of U233 + n (data of 
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Fig 3.2 a.b Whetstone’s data on the average number of neutrons per fragment 
in Cf252 as a function of the fragment mass. Standard deviations are shown for 
neutron yields. The prompt mass yields are also shown. The upper curve shows 
uncorrected data; the lower shows data after corrections of Terrell for mass 
dispersion and dispersion shift of neutron data points. A few uncorrected points 
are shown as crosses. From [62].
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However, in 1959, the above result was verified by Whetstone 
who found a similar ’sawtooth' shape for the v(A) curve, in this case 
for the spontaneous fission of Cf. Whetstone's experimental 
technique was superior to that of Fraser and Milton^^. He used a 
large liquid scintillator tank as neutron detector. The flat response 
of the liquid scintillator to neutrons of different energies resulted in 
neutron data of higher accuracy. The energies of the two fission 
fragments were determined by the time-of-flight technique, which enabled 
higher mass resolution (5 mass units (FWHM) compared with probably about 
8 to 10 mass units for Fraser and Milton^^). Whetstone's results are 
presented in Figure 3.2a.
Terrel^61  ̂ has pointed out that the v(A) results of Fraser and 
Milton^60  ̂ and Whetstone^62  ̂ need a considerable 'dispersion shift' 
correction. This dispersion shift arises from inadequate mass 
resolution which has the effect of flattening and broadening each of 
the two segments (vT and V ). The dispersion shift correction amounts 
to as much as 3 or 4 mass units for v(A) points on the extreme edges of 
the mass yield peaks. The effect of applying this correction is to 
make the v(A) discontinuity less pronounced. In the case of Whetstone's 
data^62\  the discontinuity reduces from one neutron unit at a mass 
number corresponding to symmetric fission, to one neutron unit spread 
over about 6 to 8 mass units. Figure 3.2b shows Whetstone s data after 
dispersion shift correction.
During the last decade, a considerable number of experiments have 
definitely established the existence of the sawtooth v(A) curve for a 
number of nuclides(55>63_66). Within the general v(A) shape, however,
5 T X T— »
DIRECT :
o BOWMAN et al [63]
--------WHETSTONE [62]
INDIRECT !
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Fig 3.3 Neutron emission versus fragment mass 
direct and indirect data.
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there are discrepancies between different sets of data. For example,
2 52for the case of Cf spontaneous fission, the results of Bowman et al. 
(1963)^^ and the indirect results of Stein (1965)^^ are in considerable
/¿o \
disagreement in places, with the earlier result of Whetstone' . These
three data sets are shown in Figure 3,3. It is clear that the later
experiments show a much more rapid variation with mass than the earlier
experiment. Also the data of (63) and (65) imply a levelling off of v(A)
in the region of the most probable mass yields, with Bowman et al. even
claiming a statistically significant peak at about mass 95. Thirdly,(63)
VLfound a —  ratio of 1.17 + 0.03, while Whetstone reported a value of 
VH
1.02 + 0,02, Figure 3.3 also shows up a discrepancy between the Bowman 
et al, results and the Stein results. While they follow the same general 
shape as the former, the Stein data lie consistently higher, except for the 
heavy fragment region A = 135-145, Also given in Figure 3,3 is the Gf
/n \
v(A) curve of Terrel (1962)A , determined by an indirect method (see
below). Clearly the Terrel data agrees well with the data of Bowman et al.,
not so well with the data of Stein, and poorly with the data of Whetstone.
23 5Thermal neutron fission of U is another example where the v(A) data 
sets differ. Figure 3.4 shows some recent experimental results 
(55,64,66, 14)^ The heavy fragment v(A) peak of Apalin et a l / 6^  is some
70 per cent higher than the trend of the other three measurements.
Similarly, the light fragment v(A) peaks of both Apalin et a l / 64  ̂ and 
of Milton and Fraser^66  ̂ are about 50 per cent higher than the correspond­
ing peaks of references (55) and (14). Milton and Fraser found significant 
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reported fine structure in the mass yield curve' • However, none of
the other three data sets shown found this fine structure# This could
be because of the poorer mass resolution of double-energy measurements,
compared with time-of-flight measurements. An important feature of
. 235Figure 3.4 is that it shows there to be no discontinuity in the U
v(A) curve at symmetric fission. Thus it is probable that the light
and heavy fragment data of Cf (Figure 3.3) may also be validly joined
by a straight line through symmetry.
It is notable that the sawtooth v(A) behaviour still persists when
the data are restricted to regions of (almost) constant total fragment
235kinetic energy. This is seen in Figure 3.5, taken from the U work
of Boldeman, Musgrove and Walsh^^, An important feature here is the
flattening of the v(A) curve for the higher kinetic energy groups, for
masses >140. This flattening was also observed by Maslin et al. for
235y(55) and by Bowman et al# for 252cf^63\  Mass 140 is the beginning
(6 8 )of the region of nuclei with large quadrupole movements indicating
nuclei with stable ground state deformations. It is thought that the 
excitation energy of these fragments is released by de-excitation from 
the levels of the deformed nuclei through low energy T-ray transitions, 
rather than by neutron emission.
Before going on to examine the various theories explaining the v(A)
. , £ m .(61)behaviour, it is necessary to discuss the important work of Terrel 
(mentioned above), who obtained neutron yield versus fragment mass curves 
for a number of nuclides using an indirect method.
Terrel's method is to derive the fragment neutron emission from a 
comparison of initial and final mass yield data. Olnitial means pre-
( 67 )
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neutron emission and 'final' means post-neutron emission). Assuming 
that all the neutrons are emitted by the fragments^ gives
V, \  - L ...(3.1)
V = M - H H ...(3.2)
where M^, M^ denote the initial mass numbers of the light and heavy
fragments respectively, and L, H the corresponding final mass numbers.
Also M^ + M^ = A, the mass number of the fissioning compound nucleus.
At first glance it might seem an experimental impossibility to measure
the initial mass yield distribution, since the neutrons are emitted 
. . -14within about 10 seconds after scission. However this difficulty is 
overcome when it is realised that neutron emission from a fragment 
changes the fragment velocity by only a small amount. The average 
velocity change i s ^ ^
v >
^ vc m )CM.
v
where m and M are neutron and final fragment masses respectively,and 
^ V q m ^ is the average velocity of an emitted neutron in the CMS. 
v is the initial fragment velocity (laboratory system). Since -v>
<^Av^> is only about 0.01 per cent of v. Thus, fragment double-velocity 
studies, while actually detecting fragments after they have emitted 
neutrons, give a measure of the pre-neutron emission velocities. The 
initial masses are then found from the relation
ot strictly correct of course, in view of the 10 to 20 per cent
'scission' neutron contaminant. See section 2.1
30.
Mt v
-k =M yH L
. . . ( 3. 3)
Ml + mh - A . . . ( 3. 4)
The final fragment masses are determined in double-energy measure­
ments using
L
H . . . ( 3. 5)
Here E , E are the energies of the heavy and light fragments respectively. 
(The method of mass determination through double-energy measurements is 
described in Chapter 5 ).
The analysis uses two separate methods. In one, first and second 
moments and covariances of the initial and final mass yields are used 
to derive the relations





+ o2(vh) - o2(h| / 2o2(mh) . . . ( 3. 7)
These expressions describe the average rate of change with mass of the 
neutron emission from the two fragment groups. The average rate of 
change of the total neutron emission is given by
/  = %
dMH
. . . ( 3. 8)
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2 2 2 2 .G (L), G (H), g (M^) and G (M^) can be obtained from the experimental
mass yield data. Terrel used the time-of-flight data of Milton and
F r a s e r ^ ^  and of Stein and Whetstone^^ for the initial masses, and
(7 1) (7 2 73)the radiochemical results of Katcoff and others 9 for the
2final masses. The problem of determining the quantities G (v^) and
2 .G (v ), for which no direct experimental evidence was available, was
2 /  dVL \overcome by deriving new expressions relating a (v^) to -jjj— 7
dv,_ \ afaL
and G^(v ) ton dM
H
H
, and solving simultaneous equations to eliminate
2 2 G (vT) and G (v„) from the analysis.L H
The results of this procedure are summarised in Table 3.1 for four 
fissioning systems. The calculated slopes are in reasonable agreement 
with the measured slopes.
TABLE 3.1
Comparison of calculated and measured neutron
emission parameters
233U+n 235tt_U+n 239Pu+n 252rr., v Cf(sp)
3^dvL/dML >̂ (calculated) 0.08+0.03 0.07+C.03 0.07+0.03 0.10+0.05
> " 0.11+0.03 0.07+0.03 0. 11+3.03 0.09+0.05
(dv/dMH ) " 0.03+0.02 0.00+3.02 0.04+0.02 -0.01+0.03
^dVjVdM^ (experimental)^ 0.04+0.03 0.05+0.03 0.06+3.03
< dVH/dMH> " 0.06+0.03 0.10+0.03
0.04+0.03
^dv/dMn > " 0.02+0.03 0.02+0.02 -0.13+0.01
(61)a Calculated by the method of Terrel'
b For references to the individual experiments see Terrel
( 6.1)
HEAVY FRAGMENT MASS
Fig 3.8 Cumulative mass yields used in determining neutron 
yields, for fission of U235+ » .  The horizontal distances between 
cumulative yield curves, with slight corrections for curvature, 
determine neutron yields v l  and v h  as functions of initial fragment mass. From [61].
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The above method calculates simple average slopes for the VT and 
VH mass dependences. Terrel's second method, however, extracts detailed 
information from the mass distribution. It calculates directly the 
neutron emission from each fragment mass. The method is one of matching 
initial and final cumulative fragment yields. The cumulative yield is 
the sum of the yields of all fragments of mass less than a given value.
If y(M) is the initial (pre-neutron emission) yield of mass number M,
and Y(M) the final (post-neutron emission) yield, then the initial and
. . . M° Mofinal cumulative yields for mass are 2 y(M) and 2 Y(M) respectively.
A full justification for the method involves rather exhaustive manipula­
tions of arithmetic series, and will not be given here. Figure 3.6 shows 
how the final neutron emission calculation is performed. The horizontal 
distances between the radiochemical cumulative yield curves for the light 
and heavy fragment groups determine the yields V and V as functions of
initial fragment mass (after slight correction for curvature of the yield
233 233 239curves). Terrel's results for neutron fission of U, U and Pu,
2 52and for spontaneous fission of Cf, are shown in Figure 3.7. The
agreement between the Terrel calculation and experiment has been pointed
2 52out earlier, in Figure 3.3 for the case of Cf.
3. lb Theoretical Explanations
The interesting sawtooth behaviour of the v(A) curve stimulated
numerous attempts to find an explanation. The fact that the total
neutron emission in symmetric fission is considerably higher than the
average total emission (e.g. ^ 3 . 5  to 4 versus v«p(yp ̂  ̂  ^or
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Fig 3.7
Neutron yields as functions of mass for four types of fission as determined from mass-yield data.
Also indicated are the approximate fragment masses corresponding to magic numbers 
Z  = 2 8  . 50  ; N = 50 . 8 2 ( see  § 3 .1 b  ) From  [61 ].
Fig 3.8 A picture o f a fissioning nucleus shortly before it breaks in 
two. The two lobes arc unequal in size. The mass ratio is determined 
by the point along the neck at which division occurs. The P(x) curve is a 
probability curve for the points o f division adjusted to give an overall 
distribution o f  fragment mass ratios in agreement with the observed distri­
bution. According to this picture, a division o f  the nuclear mass intotw o  
equal parts will produce a nearly spherical heavy fragment and a markedly 
distorted (hence excited) light fragment. From W h e t s t o n e  [62].
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two different types of fission - symmetric fission with fragments of
higher excitation, and asymmetric fission with fragments of lower 
. . (74 7 5)excitation ’ . This idea is not generally favoured however. The
apparent discontinuity in v(A) at symmetry induced Whetstone to postulate 
his 'neck' model of fission^ . This model notes that it is difficult 
to reconcile a neutron discontinuity with a symmetric saddle point shape, 
since such a shape should give rise to two fragments of almost equal 
internal excitation, i.e. equal neutron emission. The model assumes an 
asymmetric saddle point shape. Figure 3.8 shows the fissioning nucleus 
shortly before splitting. The two end lobes are unequal in size. The 
mass ratio is determined by the point along the neck at which the division 
occurs. P(X) is a point-of-splitting probability curve, calculated so 
as to reproduce the observed fragment mass distribution. The most 
probable split is into two fragments of unequal mass. Symmetric 
splitting corresponds to the relatively rare case of splitting near the 
larger end of the compound nucleus, in which case almost all the large 
amount of deformation of the neck is given to the light fragment.
Splittings far from symmetry correspond to divisions close to the smaller 
end, with the neck deformation energy being given to the heavy fragment.
Thus the observed v(A) dependence could be reproduced quite well. However 
when it was shown experimentally that symmetric fragments emit approximately 
equal numbers of neutrons (i.e. no v(A) discontinuity) the above model 
became rather untenable.
The most likely explanation of the v(A) behaviour is that it is 
determined by the shell structure of the final fragments (’final* meaning 
in the latest stages of the fission process - at or near scission).
34.
/v i \
Referring to Figure 3.7, Terrel/ has pointed out that for all four 
nuclei the regions of abnormally low neutron yield correspond closely 
to the magic numbers N = 50 (A — 83), Z = 50 (A ~130) and N = 82 (A ̂ 133).
It is well-known that nuclei at or near closed shells are more resistant 
to deformation, and prefer to retain a spherical shape. Thus, in the 
instant before scission, a closed shell (magic) fragment will tend to 
remain spherical, while its non-magic complementary fragment will be 
more susceptible to being deformed. After scission and separation, 
the closed shell fragment will have received little excitation energy 
from deformation energy and hence will emit few neutrons, whereas the 
complementary fragment, having been 'born* with larger deformation, will 
have a larger excitation energy and hence emit more neutrons. This 
qualitative argument describes the v(A) behaviour well. Further, the 
low mass-yield of the magic number fragments (see for example Figure 3.2b) 
can also be explained, since the stiffness of the magic fragment will 
result in a higher Coulomb interaction energy, or fission barrier, and 
hence a lower fragment yield.
/ 7 /: \
Vandenbosch' ' made a quantitative study of the fragment shell 
effect in fission. He assumed that the fissioning nucleus at the 
instant before scission can be represented by two uniformly charged 
tangent spheroids with co-linear major axes. He then computed the sum 
of the potential energy of Coulomb repulsion plus the deformation energy 
of the two spheroids. The expression used for the deformation energy 
included a ’shell effect' term, which itself contained a ’stiffness’ 
parameter, k^. For each mass ratio minimisation of the total potential 
energy (Coulombic plus deformation) gives the most probable scission
M A S S  N U M B E R  A
Fig 3.9 a , b  S t i f f n e s s  coeff ic ient ( k^ )  and  de fo rm a b i l i t y  
p a ra m e te r  ( C 2 ) v e r su s  m a s s  num ber .  F ro m  [76].
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configuration. The Coulomb interaction energy at this most probable 
configuration gives the most probable kinetic energy of the fragments, 
while the corresponding deformation energies give rise to the neutron 
emission. By fitting the calculated kinetic energy and neutron 
emission expressions (involving k ) to experimental data, a curve of k. 
as a function of mass number can be derived. This curve is given in 
Figure 3.9a. It shows that the stiffness coefficient has large values
in regions close to closed shells. Figure 3.9 b shows the nuclear 
deformability parameter obtained from Coulomb excitation studies of 
stable nuclei in the same mass range as the primary fission fragments^^* 
The C^ curve provides good verification of Vandenbosch's calculations.
3.2 V Versus Fragment Kinetic Energy
Information on neutron emission as a function of the total kinetic
energy of the two fragments gives a direct look at the competition
between fragment excitation energy and fragment kinetic energy for the
available energy of the saddle point nucleus. Figure 3.10 shows the
235 (14)V versus E result of Boldeman, Musgrove and Walsh, for U . ThisK.
result is one averaged over the entire mass yield. The slope of the
dE
least squares fitted line is equivalent to -16.7 MeV per neutron for
(79)Using the Myers-Swiatecki mass formula the variation of neutron 
emission with fragment kinetic energy can be converted into the variation
of neutron emission with fragment excitation. The is!dv value
+The deformation energy of a nucleus with radius R = RQ fl + p^icosG)] 
is i'C 3* 2. P9 is the second Legendre polynomial, 32 specifies the
2 2 Z (nj\ Ldeformation and C^ is a constant:
PER FISSION v e r s u s  total  f r a g m e n t  k in e t ic  e n e r g y .
FROM [U ] .




corresponding to the above figure is 9.5 MeV per neutron. Nifenecker
/ \
et a .̂ found a —  value of 9 to 10 MeV per neutron for ^*^Cf, and
• (55) 9 9 cMaslin et al. found 15.2 MeV per neutron for TJ. These slopes 
are considerably higher than the figure of 6.6 MeV long regarded as 
necessary for the emission of a neutron from a fragment (see section
2.3a; also Figure 12 of reference 63). Perhaps some of the additional
excitation energy involved is dissipated as gamma ray emission^^. It
is significant that the value of (or in other words, of —  ) found by
dE , J
235 (12) ^ dEBoldeman and Walsh for U' was 0.107 neutrons per MeV below the
pairing gap, giving good agreement with the above.
The linearity of Figure 3,10 is not surprising. From equation (2.18),
for and Ê . constant, the neutron emission (represented by E^) should
decrease as E increases. This linearity is also preserved whenK. dEK
data is presented for particular mass divisions. However, the slopes
of the linear portions are different for different mass divisions,
. dEK #Figure 3.11 shows the individual -rj— slopes of reference (14) plotted
dEKagainst fragment mass. The steady decrease of (or 'a') for the 
light fragment as symmetric fission is approached agrees well with 
fragment shell theories of fission: the light fragments become 
progressively easier to deform when approaching symmetry. Similarly 
the large a value for the heavy fragment just after symmetry agrees with 
the shell notions of a stiff, hard to deform nucleus at mass values
around 132.
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3.3 V Versus Charge
The early radiochemical methods^^ of measuring the charge division 
in fission involved irradiation of a known sample followed by chemical
isolation of the products so formed. However, an average pair of fission
fragments undergoes about six beta decays before achieving stability.
Also the nuclear potential energy associated with the pair is large, about
(81)22 MeV . Because of this large amount of potential energy the primary
fission fragments are for the most part very short lived (average lives of
minutes to hours, usually). 'Primary' here means post-neutron emission,
but pre-beta emission. Thus the measurement of primary fragment charges
for individual fission events was not feasible by radiochemical means,
A suitable method presented itself with the discovery of the emission of
(82 83 84 8 5)characteristic fragment X-rays coincident with fission v 9 9 9 .
These X-rays arise through internal conversion of the prompt Y-rays 
accompanying the de-excitation of the primary fragments. The orbital 
electron vacancy generated by this conversion, say in the K-electron shell, 
is filled by an electron dropping down from a higher level shell (L or M 
say), with the resulting emission of a K X-ray of energy
E v v — B - BK X-ray K L,M • • •(3.9)
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where is the binding energy of an electron in the K shell.
Similarly for B^, B^. The K X-ray energies typically lie in the 
region 15-50 keV.
The K electron shell cannot be further subdivided according to 
binding energies, whereas the L shell is really composed of a triplet, 
while the M shell forms a quintet, etc. The subshells are designated
Lr  Lix’ Lm ; Mi’ Mn» etc. in order of decreasing binding energies.
Thus, for a particular K-shell vacancy, a large number of electron 
transitions is possible to fill it, each with its own characteristic 
K X-ray emission energy. An approximate qualitative relation between 
the K X-ray energy E and the nuclear charge Z of the element emitting it is
Z « 10 E a (keV) ...(3.10)
(85)Modified Moseley formula'
More accurately, data on electron binding energies of different elements^*^
and on the intensities of the various possible transitions' make it
possible to calculate the average K X-ray energies from a fission fragment
of a particular charge. Of course it is assumed here that the electron
binding energies and transition intensities for the disrupted electron
cloud of a fission fragment are the same as those of the undisturbed atom.
( 88 )Watson' has investigated this point and has shown that the increased
ionisation of fission fragments does not lead to a substantial modification
of the relative energies of the Ko, and Kfl spectral lines from the singly
ionised atom. Table 3.2 lists these average K X-ray energies for
(87) 'individual elements
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(k -Mu i )
K|32(MeV)
(K-Nxix)
Kr 36 12.648 12.597 14.112 14# 313
Rb 37 13.394 13.335 14.960 15.184
Sr 38 14.164 14.097 15.834 16.083
Y 39 14.957 14.882 16.736 17.011
Zr 40 15.774 15.650 17.666 17.969
Nb 41 16.614 16.520 18.621 18.951
Mo 42 17.478 17.373 19.607 19.964
Tc 43 18.370 18.2 50 20.612 21.012
Ru 44 19.278 19.149 21.655 22.072
Rh 45 20.214 20.072 22.721 23.165
Pd 46 21.175 21.018 23.816 24.297
Ag 47 22.162 21.988 24.942 25.454
Cd 48 23.172 22.982 26.093 26,641
In 49 24.207 24.000 27.274 27.859
Sn 50 25.270 25.042 28.483 29.106
Sb 51 26.357 26.109 29.723 30.387
Te 52 27.471 27.200 30.993 31.698
I 53 28.670 28.315 32.292 33.016
Xe 54 29.779 29.463 33.644 34.398
Cs 55 30.970 30.623 34.984 35.819
Ba 56 32.191 31.815 36.376 37.255
La 57 33.440 33.033 37.799 38.728
Ce 58 34.717 34.276 35.255 40.231,
Pr 59 36.023 35. 548 40.746 41,772
Nd 60 37.359 36.845 42.269 43.349
(a) From reference (87)
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Fig 3.12a Energy spectrum  o f th e  K X  rays fro m  fission o b ta ined  
by C a rte r , W a g n e r and W y m a n  w ith  a 0 .045 -in . N a l c ry s ta l.
From [8 £ ].
Fig 3.12 b The energy spectrum of K  x rays emitted by prim ary “ K̂ t fission products in coincidence with fission. The lo ca tio n s  of the Ka and A/3 x-ray groups are indicated for most fiss io n -p ro d u c t elements by brackets. From [89].
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The average yield of the K X-rays is 0.55 + 0.10 per fission for 
2 52 (90)Cfv . Thirty per cent are emitted within 0.1 ns after fission, 
another 30 per cent between 0.1 and 1 ns, 25 per cent between 1 and 10 ns, 
and the remainder >10 ns after fission. The X-rays are accompanied by 
50-300 keV conversion electrons, emitted within 2 ps of fission, with a 
yield of per fission event^^.
The initial measurements of fission fragment X-rays were hampered
by poor resolution. Figure 3.12a shows the spectrum obtained by Carter,
23 5 C 8 A)Wagner and Wyman for u, using a Nal crystal as X-ray detector' •
Their resolution (FWH.M) was probably only about 10 keV. Figure 3.12b
shows a much more accurate measurement, this time for Cf K X-rays' •
The resolution here is 820 eV at 26 keV, obtained by the use of a lithium
drifted silicon semiconductor detector. The square brackets in Figure
3.12b indicate the location of the Ka and K0 X-ray groups for most of
the fission-product elements. As the X-ray energy resolution is
improved, the indentification of different elements with an accuracy
close to or better than one charge unit, becomes possible.
A study of the fission neutron emission from a fragment of
particular charge Z is important for two main reasons: (i) the high
resolution obtainable with Si(Li) X-ray detectors, about one charge
unit, is equivalent to a mass resolution of about 2.5 a.m.u. Such
mass resolution is comparable to the best time-of-flight measurements.
2 52In particular, for Cf, the direct neutron counting experiments of 
Whetstone^2  ̂ and Bowman et al. (see Figure 3.3) achieved a mass
resolution of only about 6 a.m.u.
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(ii) it permits investigation of a possible odd-even Z parity variation
in the excitation energy of the fission fragments. This variation arises
(9)as follows : the mass formula may be separated into two terms, one of 
which is a smooth function of Z and A and includes shell effects, while 
the other is a term which depends only on the parities of the neutron and 
proton numbers. Thus
M(N,Z) = m(N,Z) - SN - Sz ...(3.11)
where 6», «  1 MeV for N evenN
«  0 MeV for N odd,
5^ «  1 MeV for Z even
ft; 0 MeV for Z odd.
M(N,Z) is the mass of a fragment containing N neutrons and Z protons, and 
m(N,Z) is the smooth function mentioned above. Define A = 5M + 57.
One can then find the value of A for a fragment of given mass number A.
If A is odd, then either N or Z is odd, thus
A ° dd «  1 MeV ...(3.12)
If A is even, then either N and Z are odd or N and Z are even. Assuming 
that these two cases are equally probable gives
^  even 
A 1 MeV • • •(3.13)
Thus A even A oddA A ...(3.14)
However, for a given Z, it can similarly be shown that
¿0 50 6 0
Fig 3.13 AVERAGE NUMBER OF NEUTRONS AS A 
FUNCTION OF THE FRAGMENT CHARGE. 
FROM [10].
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A*ven «  1.5 MeV
A °dd æ  0,5 MeV 
A  even *  ¿odd + , MeV
In other words fission into two even charge fragments liberates
about 2 MeV more energy than fission into two odd charge fragments.
It is important to know whether this extra 2 MeV shows up in the kinetic
energy of the fragments or in their excitation energy, especially since
the fine structure in the mass yield curves has been attributed to such 
(91)an effect . If the additional energy appears in the fragment 
excitation energy, then the neutron emission for an even-even split should
be enhanced by about 0,2 to 0,3 neutrons (based on values of ̂ 10 MeV/ 
neutron and ̂ 6.6 MeV/neutron respectively, section 3,2),
To date only one experimental study of v(Z) has been reported, by
2 52 (9 10)Nifenecker et al, for Cfv 9 , The X-ray energy resolution achieved
in that work, 1000 eV at 30 keV, was poorer than that achieved in the 
present experiment, 440 eV at 26 keV, Nifenecker et al, did not find 
evidence for a Z parity effect in the neutron emission. Their v(Z) data 
are shown in Figure 3,13, The open circles represent the light and heavy 
fragment data. The familiar sawtooth shape of the v(A) curve is 
reproduced in the v(Z) curve. The solid circles denote the total neutron 
emission from both fragments (vT) as a function of the charge of the heavy
fragment. Averaging over the even charges Z = 52, 54, 56, 58 and over
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the odd charges Z = 53, 55, 57, gives
VT(even Z) 3.66 + 0.06
VT(odd Z) 3.66 + 0.04 *
i.e. no difference in even Z and odd Z neutron emission.
In the same experiment the fragment kinetic energies were measured 
as a function of Z. Again, no evidence for the Z parity effect was 
observed.
The X-ray resolution of the French work, 1000 eV at 30 keV, is not 
really adequate to identify individual fragment charges. The energies 
of the Ka^ lines of the light fragment group are only about 800 eV apart, 
while those of the heavy group are about 1200 eV apart. The 440 eV X-ray 
resolution of the present experiment, however, enables a much better 




SYSTEM -  SCHEMATIC
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The experiment is designed to measure the neutron emission from
Lr spontaneous fission fragments as a function of the mass and charge 
of the fragments, and also as a function of the total kinetic energy of 
the two fragments. The energy of the K X-ray detected in coincidence 
with the fission fragments establishes the fragment charges, and the 
pulse heights from the fragment detectors establish the total fragment 
kinetic energy and the fragment masses.
252_ -
4.1 Apparatus
(a) The Fission Chamber
Figure 4.1 is a schematic diagram of the experimental system. The
2 52 4Cf spontaneous fission source (strength 7 x 1(j fissions per min.) is
situated inside an evacuated fission chamber (pressure ^ L 0  torr). The 
source is prepared on a 5 pin. thick nickel backing foil by vacuum sub­
limation, and was supplied by A.E.R.E. Harwell. The source is viewed by 
four solid state detectors.
Detectors 1 and 2 (see Figure 4.1) are the fission fragment detec­
tors. These are standard gold-coated silicon surface barrier devices, of
2resistivity ~  2000 Q-cm. They are masked to an active area of one cm . 
Detector 1 is situated 2.5 cm from the source and subtends an angle of 
+ 11.3° with respect to it. Detector 2 is mounted on a linear motion 
feedthrough and its distance from the source can be changed from outside 
the vacuum system. Detector 2 was initially set at 3.2 cm from the source, 
subtending an angle of + 8.9°. (This distance was subsequently changed, 
however. See £ 4.3). The source-detector distances are necessarily 
unequal so as to prevent discrimination against fission events in which
GOLD BARRIER 
THICKNESS ~  50 pgm cm"2
SILICON CRYSTAL
LITHIUM DIFFUSION 
LAYER , THICKNESS 100 pm
GUARD RING DITCH
Fig 4-2 THE X-RAY DETECTOR. 90 K -cm  
n-TYPE SILICON
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one fragment emits a large number of neutrons, and is thereby given a 
larger angular dispersion than normal. In the above geometry, 997, of 
fragments seen by detector 2 will have their complementary fragment 
seen by detector 1. Both detectors are operated under reverse bias of 
about 90 volts (negative).
Detector 3 is the high resolution X-ray detector. This is a 
90 KQ-cm n-type silicon surface barrier device, of guard ring type. 
Operation is at reverse bias of 2000 volts (negative), for which the 
leakage current is exceptionally low, ^lO“1^ A. Figure 4.2 shows the 
detector dimensions. The detector is mounted on the end of a copper rod, 
the remote end of which is kept immersed in liquid nitrogen (-196°K), to 
provide the necessary cooling for the detector. Because of thermal 
losses however, the detector end of the rod was some 10°K above liquid 
nitrogen temperature. As a result of this slight warming, it was found 
necessary to keep the liquid nitrogen cryostat continually replenished 
(every four hours) in order to minimize gain drifts in the X-ray line.
The detector was shielded from the source by 0.002 in. of aluminium, to 
protect against alpha particle and fission fragment damage. The X-ray 
resolution achieved was 440 eV (FWHM) for the 26.36 keV Am line.
Detector 4 is identical to detectors 1 and 2. Its purpose is to 
detect the ternary alpha particle emitted in fission (about one per 300 
binary events). The 0.0015 in. aluminium foil shielding it from the 
source stops Cf natural alphas (6.1 MeV) and fission fragments, but 
allows passage of the higher energy (> 10 MeV) ternary alpha particles. 
The ternary count rate in Detector 4, coincident with fission, was very
Figure 4.3 The Experimental System
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low, about one every 10 mins, and therefore for the purposes of this 
thesis, only the data taken by Detectors 1, 2 and 3 was utilized.
(b) The Liquid Scintillator Tank
The neutrons emitted in fission are detected in the spherical, 
liquid scintillator tank (see Figure 4.1). This tank is 40 cm in diameter 
and contains 32 litres of NE323, a trimethyl benzene scintillator liquid 
with 0.5% by weight gadolinium loading. Two E.M.I. 9618B photomultiplier 
tubes mounted on the tank at right angles to the fission axis, and 
operated in coincidence, detect the scintillations caused by capture gamma 
rays and knock-on protons in the liquid. The chosen operating voltage of 
the photomultiplier tubes (1860V) was a compromise between high efficiency 
and high background count rate. At 1860V, the 47t tank efficiency was 
/v60/o. The tank is located on the fission axis and subtends an angle of 
+29.7° with respect to the source. It is placed directly behind detector 
1 and therefore most of the fission neutrons it detects will be those 
emitted from fragment 1, as a result of the strong neutron peaking in the 
fragment direction of motion (see section 2.1).
Both the tank and the fission chamber are elevated to a height of 
6 ft. above ground, to reduce the contribution of scattered neutrons to 
the tank background. Figure 4.3 is a view of the system.
(c) Electronics
Figure 4.4 is a block diagram of the electronic system. The X-ray 
preamplifier is a resistive feedback charge sensitive device. It had been 
hoped that an opto electronic feedback preamplifier would be supplied by 
the A.A.E.C. Instrumentation and Control Division, as a fifty per cent
El
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FIG 4.4 Block diagram of electronics for MZ) measurements. For l^A,ET0T)
measurements the X-ray line is replaced by an E2 line identical 
to the E1 line.
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improvement in resolution is obtainable with these devices as against the 
resistive feedback preamplifier. However, only the latter type was 
eventually available. The pulse height lines for the two fragments and 
for the X-ray are digitized in three 220 channel AD128 analogue-to- 
digital converters. The neutron counting line passes into a 'Multiple 
Event Analyzer (MEA), which stores the number of times 0, 1, 2 etc. 
neutrons were observed per counting cycle. A triple coincidence between 
the two fragment fast lines and the X-ray fast line serves to gate open 
the three ADC's and the MEA. The gating pulse to the MEA is delayed by 
~  200 ns however to discriminate against the prompt T rays accompanying 
fission. When gated on, the MEA counts neutrons for 40usec after fission. 
After a subsequent waiting period of lOOusec the gate opens again for a 
further period of 40 ps, in order to sample the tank background. Twenty- 
two counting channels are available, fifteen for foreground data and seven 
for background data.
The experimental data is recorded event by event on 9 track, 800 
bytes per inch, magnetic tape. Thus each particular event gives a record 
like (label; X; N,B; E^; E^) where X is the X-ray pulse height; N, B the 
foreground and background neutron counts; E^, E^ the fragment pulse heights; 
and 'label' is a number specifying the type of event recorded (double 
coincidence, triple coincidence, etc.). 'Label' is generated by an 'Event 
Encoder' which also is strobed by the fast coincidence line. The magnetic 
tape is analyzed 'off-line' by an IBM 360/50 computer.
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4. 2 Preliminary Procedures
The preliminary X-ray measurements for the experiment were hampered 
by microphonie noise arising from the cryostat. At that time the cryo­
stat system consisted of a liquid nitrogen feed-through assembly, in which 
the cryostat was situated vertically above the X-ray detector and the 
liquid N2 flowed down under gravity to provide cooling. It seemed most 
likely that the microphonie noise arose from bubbling of the liquid N2 as 
it flowed downwards. The system was therefore re-designed to operate as 
an immersion assembly, with the detector mounted on one end of a 3/4 inch 
diameter copper rod, the remote end of which is immersed in liquid N2 
(see Figure 4.1). This procedure reduced the microphonie noise to a level 
where high resolution X-ray measurements became possible.
Considerable care was required in the selection and installation of 
the high-tension feedthrough carrying the X-ray detector bias. This feed­
through passed through the wall of the fission chamber, and it was 
necessary that it leak only a few picoamps at full detector bias (2000 V). 
The feedthrough used was a glass-to-metal S.T.C. make, type HS2B. A 
number of these were cleaned with demineralized water, tested individually 
for insulation, and the best of these installed in the system. The feed­
through chosen leaked 6 pA at 2000 V.
Thermocouple measurements were made to determine the operating tem­
perature of the detector end of the copper cooling rod. A simple copper- 
cons tan tan thermocouple was used. The ’cold' junction of this was in 
thermal contact with the copper rod end via a thermally conducting yet 










C H A N N E L  N U M B E R
Fig 4-5 TIME DISTRIBUTION OF X-RAY DETECTION FOLLOWING
FISSION.
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held at 0°G. It was found to be quite important that the thermocouple 
wires inside the evacuated fission chamber be fairly long, of the order 
of 40 cm. This minimised penetration of heat from the fission chamber 
surroundings into the cold junction. The resulting e,m,f, of -5,30 mV 
indicated an operating point of -186 C, i,e, 10 K above liquid temperature.
The two E,M,I, 9618 tubes used were selected for low dark current at 
the operating bias. The dark currents measured were 0,05 and 0,8 nA for 
the same gain in the two tubes. The scintillator tank was filled with 
fresh NE323 liquid, which was then 'bubbled' with dry nitrogen gas. This 
bubbling removes unwanted oxygen from the liquid, whose presence decreases 
the tank efficiency.
As mentioned in section 3,3, 30 per cent of K X-rays are emitted 
within 0,1 ns of fission, 30 per cent between 0,1 and 1 ns, 25 per cent 
between 1 and 10 ns, and the remainder in two groups of equal intensity 
with half-lives of 30 and 100 n s ^ ^ .  This effect results in a small 
amount of time 'jitter' between the fragment - X-ray fast coincidence 
pulse and the peaks of the fragment data line linear pulses. This jitter 
would cause errors in the ADC recordings of the fragment energies.
Figure 4,5 shows the time distribution of detection of an X-ray following 
a fission event. The fragment fast line fed the 'START' input of an 
0RTEC 437 time-to-amplitude converter, while the X-ray line fed the 'STOP' 
input, through an external delay of 32 ns. It is seen that nearly all the 
later X-rays are detected within about 60 ns of those arriving first. To
overcome this time jitter, the fragment linear lines were stretched to 
^4 M-sec width by 0RTEC 442 pulse stretchers,with the ADCs being set so
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that the peak recording aperture windows opened well into the 'stretched* 
portion of the linear pulse. Also the fragment fast line was stretched 
to 300 nsec prior to the fragment-X-ray coincidence requirement. This 
ensured that the delayed X-ray component was not discriminated against.
4,3 Data Collection
4.3a V versus Fragment Mass
The v(A) data were recorded in a separate run from the v(Z) data.
As shown in Chapter 5, the v(A) results provide a value for the kK neutron 
detection efficiency of the scintillator tank. This efficiency value is 
then used in the analysis of the v(Z) data.
With detector 1 at 2.5 cm from the source and detector 2 at 3.2 cm, 
the coincidence rate in the two detectors was -^200 min \  The experimental
5run lasted 2.5 days, which gave ^8 x 10 fission events for analysis. 
Visual inspection of the fragment pulse height spectra for each individual 
detector before and after the run showed the electronic drifts to be less 
than 0.3 per cent. The scintillator efficiency was constant to ~2 per cent 
during the run, as implied from the ^2 per cent variation in scintillator 
background. The neutron counts observed (corrected for background) were 
typically 0.15 to 0.3 neutrons per 40 Msec counting gate, with a genuine 
to background ratio of 1:1.
4.3b v versus Fragment Charge
The triple coincidence rate between two fragments and an X-ray was 
extremely low, only 1 every 5 min even with detector 2 situated at the 
minimum distance of 2.0 cm from the source. Therefore the triple 
coincidence requirement was dispensed with. The v(Z) study was performed 
with only a double coincidence (between an X-ray and a fragment) needed to
Fig 4.6 TYPICAL w Am X-RAY LINE CALIBRATION SPECTRUM
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strobe the ADCs and MEA. The fragment detector used was detector 2. With
this at 2.0 cm from the source, the gross X-ray-fragment coincidence rate
, . -1was ~5 m m  .
A pulser in the X-ray pulse height line served as a check on any gain 
drifts. Data recording could be stopped at any time and the pulser output 
monitored in a 512 channel pulse height analyser. Also the pulser output 
on its own was recorded on the magnetic tape at daily intervals. The X-ray 
line was found to be stable to ^0.5 per cent over a typical measurement 
period (7 to 8 days).
Energy calibration of the X-ray pulse height scale was achieved by the 
241use of an Am Y ray source. This source could be aimed at the X-ray 
detector through a thin aluminium window in the fission chamber. The 
calibration was based on
(i) the 26.36 keV Y ray from A m ---» Np — Np. The
59.54 keV Y from americium could not be used as it fell outside 
the preset acceptance region of the X-ray line ADC (viz 5 to 
50 keV);
(ii) the 37.17 keV and 42.27 keV X-ray lines from neodymium 
^Nd. The americium is encapsulated in neodymium and the Nd 
Ka^ and K|3̂  lines are produced by fluorescence from the 59.54 
keV americium line.
The calibration procedure was performed every second day during a data run. 
Figure 4.6 shows a typical calibration spectrum. The resolution of the 
26.36 keV line is 440eV (FWHM).
Every 2 to 3 days, fragment pulse height spectra from detector 2 vere 
recorded. This procedure served to calibrate the fragment line.
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The final v(Z) data chosen for analysis was based on three separate 
series of measurements, each series lasting 7 to 8 days. Each particular 
series consisted of one-day-long v(Z) measurements, separated by X line 
pulser and calibration recordings and by E line calibrations. The 
individual day-long X-ray spectra in a series were added together off-line 
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Fragment kinetic energy spectrum for detector 1
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5,1 Mass and Kinetic Energy Study
The raw kinetic energy spectra of the two fragment detectors are shown
in Figures 5.1 and 5.2. The spectral characteristics as shown in the
figurés are similar to the Schmitt values for a 'good* detector' , The
pre-neutron emission masses and kinetic energies were obtained from the raw
kinetic energy data by using the procedures of Schmitt^"^ and Terrel
First a linear calibration of the detector pulse height scales was made by
using the fragment spectra peak positions and experimental data of Whetstone 
(94) . For each event, the approximate pre-neutron emission masses and 







M 2 = 252 - M x . ...(5.2)
Post-neutron emission masses were obtained from and using the
(95)v(M,Em^m ._) data of Bowman et al. (see Table 5.1). The detector1 TOTAL
energy scales were recalibrated via the equation
where
EPOST “ (a + a' ^OS'P x + b + b MpoST •••
E is the post-neutron emission fragment kinetic energy,
is the post-neutron emission fragment mass, 
x is the pulse height in the detector 
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Fragment kinetic energy spectrum for detector 2
TABLE 5.1
Matrix showing 252Cf neutron emission as a function of pre-neutron emission 
fragment mass M and fragment total kinetic energy. Calculated from data of ^ 5 )
K.E. (MeV)
M 1 6 0 1 6 5 170 1 75 180 1 85 190 195 200 20 5 210
3 8 0 . 0 0 . 5 5 9 6 0 . 6 8 1 5 0 . 4 3 8 6 0 . 0 0. 0 0 . 0 o•o 0 . 0 0 . 0 0 . 0
9 0 0* o 0 . 7 5 5 0 1 . 1 0 5 5 1 . 1 6 8 3 0 . 9 1 5 3 0. 0 0. 0 0. 0 0 . 0 0 . 0 0 . 0
9 2 O.C 2 . 2 9 8 4 1 . 3 5 5 4 1 . 2 8 4 9 1 . 0 1 4 4 0 . 0 0. 0 0 . 0 0 . 0 0 . 0 0 . 0
9* 0. 0 2 . 5 4 5 3 1 . 6 8 6 7 1.4 3 3^ 1 . 1 6 9 4 0 . 9 9 8 0 0. 8 4 5 4 0. 0 0 . 0 0 . 0 0 . 0
9 6 0 . 0 1 . 8 0 3 8 1 . 9 7 0 1 1 . 5 6 7 8 1 . 3 6 8 2 1 . 0 5 4 3 0. 8 3 1 5 0 . 9 1 7 4 0 . 0 0 . 0 0 . 0
9 8 0 . 0 ! . 9 4 3 6 1 . 8 3 9 9 1 • 5 6 6 5 1 . 2 5 8 1 1 . 0 4 2 2 0 . 9 2 0 3 0 . 8 3 7 1 0 . 0 0 . 0 0 . 0
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Pr and are the observed pulse heights corresponding to the mid 
points between the 3/4 maximum points in the light and heavy mass groups«
_ _ 24.0203
a  P T “ P U
_ 0.03574 
P - PL H L H
b = 89.6083 - aPLi b' = 0.1370 - a'PLi
The re-calculated post-neutron emission kinetic energies were converted 
into pre-neutron emission energies via
F —  F / i _i_ ^PRE POST l 1 + Mp0ST
again making use of the v(M,E^) data of Table 5.1.
.«.(5.4)
The entire
process was repeated until the pre-neutron emission masses before and after 
a particular iteration were the same to within 0.1 amu. The output data 
for each particular fission event consisted of pre-neutron emission masses 
and total kinetic energy, plus neutron and background data.
The two major corrections to the data are the scintillator geometry 
and backscatter corrections. The first of these describes the effect of 
the particular neutron detection geometry used on the observed neutron 
detection numbers. Assuming isotropic neutron emission in the C.M.S., the 
laboratory neutron distribution with respect to fragment direction i s ^ 8^






V. is the laboratory velocity of the neutrons 
v£ is the neutron centre of mass velocity 
a = 0.5228
0 is the neutron emission angle with respect to the fragment direction 
is the evaporation temperature of fragment i (data of^96^). 
is given by
2 2 2V. = v. - W. + 2v. W. cos0 i i i l i ...(5.6)
where VL is the laboratory velocity of fragment i (data of ^9^ ) #
The scintillator tank subtends +29.7 with respect to the fission source.
Thus the probability of forward neutron emission from fragment i into the 
scintillator geometry is
29.7
pu  = f 00/  Pi(vi ’e) dvi de•s n •s n ...(5.7)
' The backscatter correction relates to backward neutron emission into 
the scintillator geometry from a fragment travelling away from the tank. 
For complementary masses and M2, if P-^ M ^ E ^  and P2(M2,Et) are the 
experimentally observed neutron detection numbers, then
P 1<M 1’V  " V1 £ P11 (M1,ET^ + v2 £ P22 M̂2,ET^ ...(5.8)
and
p2(m2,et) = v2 e p21(m2,et) + e p 12 (m 1>et) ...(5.9)
where V 1 and V? are the neutron emission numbers per fission from
J . fc*
complementary fragments,
£ is the liquid scintillator efficiency
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and P^, are the forward and backward neutron emission probabilities
from fragment i (as above).
Equations (5.8) and (5,9) are solved simultaneously to obtain £ V .(M.,ET). 
Averaging over the kinetic energy distribution then gives e v ^ M ^ .
The geometry and backscatter corrections assumed (a) that the excita­
tion energies of the two fragments are correlated, and (b) that £ is 
independent of neutron energy. To apply the corrections, the raw data was 
sorted into a matrix of mean neutron emission numbers per event for mass 
groups 2 amu wide and for total kinetic energy groups 5 MeV wide. Dead 
time losses were ignored as they involved a correction of less than one per 
cent. Firstly, an approximate correction for geometry and backscatter was 
made assuming that all the neutrons are emitted from the moving fragments. 
The data obtained were normalised to ( Cf) = 3.724v , This gave an
approximate value of the average scintillator detection efficiency and the 
variation of the total neutron emission with fragment mass. Assuming 
that 15 per cent of the neutrons are emitted isotropically in the laboratory
/ IQ \
system (that is, the scission neutronsv ), the experimentally observed 
numbers were adjusted accordingly to remove this component. The remaining 
component was corrected for detector geometry and backscatter and the 
variation of £v_ with fragment mass obtained. Here V refers only to the 
non-scission component. Assuming that for a particular mass division, the 
scission neutrons are emitted from the two fragments in the same proportions 
as those from the moving fragments, the total neutron emission V from a 
particular fragment is given by
£ V 0.85 ...(5.10)
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Fig 5-3 Pre-neutron emission mass distribution
for 2 5 2 Cf.
The data were normalised again to v (252Cf) = 3.724. It was found
P
unnecessary to repeat the process with the more accurate and scintillator
efficiency data, as subsequent corrections changed the final data by less than
one per cent. The scintillator 47t efficiency was found to be 50.2 per cent.
The whole analysis procedure described above was performed off-line on
an IBM 360/50 computer using the programs MASSIVE, PCALC and GEOMC. MASSIVE
applied the Schmitt detector calibration procedure (equations 5.1 through
5.4) to the raw data and produced the matrix of observed neutron counts per
event for mass groups 2 amu wide and total kinetic energy groups 5 MeV wide.
PCALC calculated the geometry neutron emission probabilities P and Pll i2
(equation 5.7) for each mass and total kinetic energy group. GEOMC applied 
the geometry and backscatter corrections (equations 5.8 and 5.9). It also 
corrected for the scission neutron contaminant.
MASSIVE is a lengthy program involving a large amount of computer time - 
over two hours of central processor time to analyse 800,000 fission events. 
About two months of software effort was spent in restructuring MASSIVE from 
an earlier, outmoded form. The analysis of both the v(A) and v(Z) data was 
performed after all the experimental runs were finished and took about five 
months to complete.
The pre-neutron emission mass distribution obtained is shown in 
Figure 5.3 (uncorrected for mass resolution). 'Shoulders' can be seen at 
masses 112 and 140, in excellent agreement with the more accurate time of 
flight mass yield data^^’ The (light) fragment peak-to-valley ratio
of 20,7:1 is similar to that reported in other surface barrier mass yield 
work, viz, 19.2 by S t e i n ^ ^  and 30.0 by Schmitt et a l , ^ ^  (mass yield 
curves uncorrected for mass resolution). These values are all significantly
56.
A
Fig 5.4 Neutron emission versus fragment mass.
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lower than the value of around 6.0:1 found by time of flight methods.
The reason for this is the poorer mass resolution near symmetry associated 
with double-energy measurements; probably +4 to 5 amu compared with 
±  3 amu for double-velocity measurements. If a mass resolution correction 
is made to the double-energy data^8  ̂ the peak-to-valley ratio is seen to 
approach that of the double-velocity studies.
The V(A) results of this work are listed in Table 5.3 and shown in 
Figure 5.4. The errors given are the statistical errors. No correction 
for mass resolution has been applied. Figure 5.5 shows the present 
results compared with the early time of flight data of Whets tone the
later, more accurate, time-of-flight data of Bowman, Milton et a l / 63  ̂ and
/ /: I \
the indirect data of Terrel . The general agreement between the
Bowman and Terrel data and the present data is good. In particular, the
Bowman high neutron emission values at masses ~120 to 124 are reproduced
in the present work. This may be contrasted with the situation for
235neutron induced fission of U wherein the recent double-energy measure-
(14,55)ments did not find the high neutron emission values at the light
235.fragment sawtooth peak which were reported in the U time of flight work 
of Milton and Fraser' .
The data of Figure 5.4 show humps at masses 90 and 96 for the light 
fragment and at mass 156 for the heavy fragment. The Bowman et al. data 
(Figure 5.5) also has a maximum at mass 96, though no such effect at mass 
90. Milton and Fraser, in their 235U study^66\  reported significant 
maxima at masses 90, 96 and 101. It is important to note that these
mas ses correspond exactly to the location of the fine structure peaks
2 52 235. (67)observed in the Cf and U mass yield curves .
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TABLE 5.3
MEASURED AVERAGE NEUTRON EMISSION VERSUS FRAGMENT M A S S ^
Mass No.iA V(A)(a) Mass No * A V(A) V ( A ) ^  TOTAL' '
88 1.02 + 0.06 164 3.05 + 0.16 4.07 + 0.17
90 1.36 + 0,06 162 3.23 + 0.13 4.59 + 0.14
92 1.21 + 0.05 160 2.83 + 0.10 4.04 + o .n
94 1.18 + 0.04 158 2. 59 + 0.08 3.77 + 0.09
96 1.31 + 0.03 156 2.72 + 0.07 4.03 + 0.08
98 1.24 + 0.03 154 2. 53 + 0.05 3.77 + 0.06
100 1.25 + 0.02 152 2. 49 + 0.04 3.74 + 0.04
102 1.32 + 0.02 150 2.22 + 0.04 3.54 + 0.04
104 1.47 + 0.02 148 2.09 + 0.03 3.56 + 0.04
106 1.55 + 0.02 146 1.96 + 0.03 3.51 + 0.04
108 1.88 + 0,02 144 1. 73 + 0.02 3.61 + 0.03
110 1.99 + 0.02 142 1. 56 + 0.02 3.55 + 0.03
112 2.28 + 0.03 140 1. 54 + 0.02 3.82 + 0.04
114 2.46 + 0.03 138 1. 35 + 0.02 3.81 + 0.04
116 2.84 + 0.04 136 1. 14 + 0.03 3.98 + 0.05
118 2.99 + 0.04 134 1. 12 + 0.03 4.11 + 0.05
120 3.28 + 0.05 132 0. 76 + 0.03 4.04 + 0.06
122 3.55 + 0.07 130 0. 42 + 0.03 3.97 0.08
124 3.70 + 0.10 128 0. 71 + 0.04 4.41 + 0.11
126 2.17 + 0.09 126 2. 17 + 0.09
'
4.34 + 0.13
(a) The errors shown are statistical errors only, owing to the 
difficulty of calculating any errors that might be associated 
with the backscatter and geometry corrections. These latter 
are expected to be slight in any case.
(b) Total neutron emission from both fragments versus heavy 
fragment mass.
(c) Data normalised to ( Cf sp.) = 3.724.
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Fig 5 5 Neutron emission versus fragment mass -
present work + others.
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As mentioned in section 3.1, the data of Bowman et al., and to a
lesser degree the indirect data of Terrel, imply a flattening of the
v(A) curve for the heavy fragment in the mass region 140 to 146, i.e.
a ’plateau' in the region of the most probable mass yield. The present
data show no real evidence of this flattening.
The ratio of the neutron emission from the light fragment to that
from the heavy fragment was found to be VT / v u = 1.195 + 0.005, where the
L H —
error is the statistical error. Whetstone^62  ̂ reported 1.02 + 0.02,
/ /: o \
while Bowman et al. reported 1.17 + 0.03. Thus the present value
confirms the Bowman result. v /v ^1.2 agrees with the values of
L H
1.15 to 1.25 found in the majority of 2^\i s tudies^^’ ̂  ,
Figure 5,6 compares the present results with the recent data of
(99)Signarbieux et al. at Saclay . These authors carried out a double- 
252energy Cf study very similar in design to the present experiment.
(63)Also shown for comparison in Figure 5.6 is the data of Bowman et al. . 
Both the Signarbieux and Bowman data sets have been corrected for mass 
resolution. Over most of the range the agreement between the Signarbieux 
data and the present work is excellent. The Signarbieux data, however, 
misses the high neutron emission values at masses 120 to 124, their data 
decreasing rapidly after mass 120, Also Signarbieux et al. do not report 
any humps at masses 90 and 96. Their data does contain a suggestion of a 
hump at mass 158 however, which is close to the hump at mass 156 in the 
present data. In like fashion to this work, the Signarbieux data has no 
'plateau' in the mass region 140 to 146. The Bowman data show a smoother 
v(A) variation than is observed in the other two data sets.
The total neutron emission from both fragments as a function of the 
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work. This curve is obtained by adding together the complementary v(A) 
values from the light and heavy fragment groups (Table 5.3). Figure 5,8 
shows the Vt (A) curves for the three data sets of Figure 5.6. A few of 
the error bars of the Signarbieux work are shown. For masses £ 135, the 
Signarbieux data are in good agreement with the present work, as is to 
be expected in view of their similarity in Figure 5.6. Below mass 135 
the Signarbieux curve falls away markedly. This anomalous behaviour is 
a direct result of the low neutron emission values reported by these 
authors for the light group for masses >120.
Of major interest in Figure 5.7 are the humps associated with the 
present data. These humps occur at masses 134, 140, 144, 148, 152, 156 
and 162. Five of these seven locations, viz, 134, 140, 152, 156 and 162
correspond exactly to the locations of the fine structure peaks observed
252 235 (67)in the ZCf and U mass yield curves' . The mass yield curves
display a fine structure peak at mass 146 also. This peak is not
reproduced in the present VT data. The Signarbieux et al. VT curve
(Figure 5.8) also displays humps at masses 148, 152 and 162, in close
agreement with the present work. Further, their data show, a peak at
mass 158, which is near the peak at mass 156 of this work. In fact, for
masses >146, the agreement in the VT shape between this work and that of
Signarbieux et al. is outstanding.
(62)The early time-of-flight data of Whets tonev ' also contain 
evidence of v(A) peaks at masses -^156 and ~162. (The Whetstone curve 
given in Figure 5.5 merely shows the general trend of his data. The 
v(A) peaks in Whetstone’s data can be seen in Figures 2 and 3 of reference 
(61)). Again, the Bowman v behaviour in Figure 5.8 is much smoother

61.
than the other two curves, while still giving good agreement overall.
The v(A) behaviour for particular total kinetic energy regions is 
given in Figure 5.9, It may be seen that the basic sawtooth shape is 
preserved over the full range of kinetic, and hence excitation, energies,
A flattening of the heavy fragment v(A) curve above mass -̂ 140 becomes 
apparent as the total kinetic energy increases. This flattening has also 
been observed by Bowman et a l / 63  ̂ for 252Cf and by others for 235 *t / 55^.
It is thought that this flattening is caused by increased de-excitation
• . (55)competition from low energy gamma transitions '.
The total neutron emission from both fragments is plotted as a function
of the total kinetic energy in Figure 5.10 and listed in Table 5.4.
A least squares fit to the data points gives dE^/dv^ = -13.7 MeV per
(63)neutron. This may be compared with the Bowman' value of about -6,6
235MeV per neutron and values of -16.7 and -18.5 MeV per neutron from U 
(14,55)results
252,The average total kinetic energy of Cf fission fragments was
found in this work to be 183 + 1 . 5  MeV, a value intermediate between the
182,1 MeV result of Fraser et al. ; and the 185.7 MeV result of
Whetstone^9Zf\  both of which were time-of-flight experiments.
The variation of total fragment kinetic energy with heavy fragment
mass is given in Figure 5.11, The 4 MeV 'dip' at symmetry is markedly
235 233
smaller than the corresponding dip of about 30 MeV found for U, U
and 239Pi/100 .̂ Milton and Fraser^101  ̂ found a dip for 252Cf of about 
5 MeV by the time-of-flight method, as did Gibson, Thomas and Miller 
using semiconductor counters. However, the time-of-flight measurement of 
Whetstone(94) found a kinetic energy dip of 25 MeV for 252Cf. Above mass
62.
TABLE 5.4
MEASURED TOTAL NEUTRON EMISSION VERSUS 
TOTAL FRAGMENT KINETIC ENERGY^b ̂
et o t a l
(MeV)
V (a>TOTAL
160 5.65 + 0.02
165 5.253 + 0.016
170 4.769 + 0.012
17 5 4.340 + 0.010
180 4.074 + 0.009
185 3.608 + 0.008
190 3.261 + 0.008
19 5 2.877 + 0.008
200 2.494 + 0.010
20 5 2.287 + 0.014
210 1.98 + 0.02
(a) Errors shown are statistical errors
(b) Data normalised to (^^Cf sp.) = 3,724
130 the three data sets (101, 102,94) are similar, and are in good
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Fig 5.10 Total neutron emission versus total fragment kinetic 
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Fig 5.12 Observed raw energy spectrum of K X-rays from 252Cf fission fragments. The expected 
positions of the Koc, peaks for a number of fragments are shown. The dashed curve shows 
the normalised Compton background.
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5,2 Charge Study
As mentioned in section 4.3, the v(Z) data analysis was based 
on three separate series of measurements. The raw X-ray energy 
spectrum for one such series is shown in Figure 5.12. The expected 
position of the Ka^ peaks for a number of elements are also shown 
(from the data of [87]). It is clear that identification of 
individual elements is possible in the data by using appropriate 
X-ray energy 'windows'.
Before choosing the particular windows however, it was necessary 
to subtract from the raw X-ray spectrum the background due to Compton 
scattering of prompt fission gamma rays. In each fission event about 
7 or 8 prompt fission photons are emitted, each with average energy 
about 1 MeV. If one of these photons suffers Compton scattering in 
the body of the detector and the Compton electron so produced has 
energy 5 to 50 keV, then this (Compton scatter-fragment) coincident 
event will be indistinguishable from a genuine(X-ray-fragment) coincidence. 
To measure the Compton contribution, a copper shield of sufficient 
thickness to stop the genuine K X-rays (£50 keV) was inserted in front 
of the X-ray detector. The high energy prompt fission gammas could 
still reach the detector however. The Compton background spectrum so 
obtained is shown as the dashed curve in Figure 5.12. The Compton curve 
has been normalised up to the data curve by multiplying by a factor n, 
where n is the ratio of data measurement duration to background measure­
ment duration. The normalised background curve was subtracted from the 
raw data off-line to produce a nett X-ray spectrum for each of the three 




Fig 513 Energy spectrum of K X-rays from 252Cf fission fragments -  after Compton background subtraction
(i)  The circles show  the limits of the energy w indows chosen for each peak. The w indows contain 
K aand K « 2 contributions from a given Z fragment. K/3 contribution to any particular w indow from
a fragment of lower Z  is £ 1 0 %  of total.
(ii) Data on Z *39  fragments derived solely from data on Z-59 fragments moving away from tank 
(see  text).
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position of the Ko^ peaks for various elements are shown, again confirming 
that the contributions from individual elements to the spectrum have been 
identified.
To determine the neutron emission from a particular element, an energy 
window (in terms of channel numbers) was set by eye across the X-ray peak 
for that element. By restricting the analysis of neutron data to those 
events whose X-ray energies (pulse heights) lay within this window and 
whose fragment kinetic energy values lay in the appropriate region ( that 
is labelling a light or heavy fragment) the neutron emission from that element 
was found. The kinetic energy restriction (via the E line data) was required 
because for an X-ray detection event in a given window it was not known which 
fragment emitted the X-ray and was therefore being labelled, the one moving 
towards the scintillator tank (and thus the one supplying the neutron for 
that event), or the one moving away from the tank. However, the E line 
pulse height information resolved this difficulty. For example, an event 
with X-ray pulse height between channels 120 and 125 would mean detection 
of a cesium, Z = 5^ fission fragment. Thus the neutrons counted in this 
event were emitted either by the cesium fragment (cesium moving towards 
tank and complementary technetium, Z = 43, fragment hitting surface barrier 
detector 2, Figure 4.1), or by the technetium fragment (cesium moving away 
from tank and hitting surface barrier detector). Thus for this particular 
event 155 ̂  (E pulse height in channels) ^  220 identified cesium as the 
neutron emitter, while 5 0 ^  (E pulse height) <: 154 identified technetium 
as the neutron emitter. The E line division point for classification 
into light or heavy fragment groups was chosen as the channel 
corresponding to the mid-point of the dip at symmetry, taken from the
65.
observed fragment pulse height spectrum for detector 2.+ Application of 
the X and E line windows to the data was accomplished off-line by the 
computer program NBDIFF. This program also printed out a neutron
detection frequency table for both foreground and background, for each 
single set of X and E windows. Finally, the program printed the mean 
number of neutrons per event for foreground and background and their 
difference.
This mean number of neutrons observed per event, ii^S say, for 
window k, then had to be corrected for the neutrons associated with the 
Compton scatter events mentioned above. The corrected mean number of
neutrons per window, n^, is given by
nk
-obs -
nk ' ak Bc 
1 - a. ...(5.11)
where a^ = ratio of number of Compton events to total number
of events, for window k; a^ usually ~0,35.
B = mean number of neutrons per event associated with c
Compton scatter events; B^ = 0.128 + 0,013.
B was determined in the Compton background measurement above, and was c
assumed to be the same for each window. To determine a^ a rather 
lengthy procedure was needed. This is as follows. Information on each
d l .element Z comes from N, direct observations and N, indirect observations, k k K
such that + N 1 = N, , the total number of observations of element Z, .k k k k
j dIn the N direct observations, the number of Compton events C, is k K
d _Td
ck = \ x
Nk + N98-k
...(5.12)
+This procedure is discussed more fully at the end of this section.
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where Ck is the number of Compton events for window k, determined
in the Compton background measurement, 
i . #
^9 8-k 1S number of indirect observations of the element 
complementary to k that fell in window k.
Thus
represents the fraction of total events in window k that were Compton.
It is assumed that this Compton fraction is constant for any subgroup
d iof events within window k, e.g, the subgroup N^. Similarly, for 
we have
= n ; X '98-k
+ N98-k
...(5.13)




Substitution into equation (5.11) then gives n^.
No correction was applied to nk to take account of random coincidences 
between the X-ray line and the fission line, as this rate was estimated to 
be less than one per 200 genuine coincidences.
About 50 per cent of the X—rays are emitted relatively late after 
fission at time intervals of-0.5 ns and beyond. These will be Doppler 
shifted by up to a few hundred eV since the detected X-ray is not emitted 
at right angles to the fragment velocity direction. This effect tends to 
complicate the setting of the X-ray windows by smearing the peaks into one 
another. This problem was overcome by selecting for analysis only those
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events which fell near the centre of an X-ray peak, being well away from 
the 'wings' of the peak where ambiguities are more likely to occur. The 
energy windows chosen are shown in Figure 5.13 for a number of elements.
The next correction applied to the v(Z) data was the geometry and 
backscatter correction. This procedure was analogous to that described 
in section 5.1 for the v(A) data. For each pair of complementary charges 
the most probable pre-neutron emission masses were taken from the data of 
Watson et a l . ^ ^ ^ .
The final step was to correct for the scintillator detection 
efficiency. It was originally intended to use the value of € derived 
from the v(A) data. However, because of technical difficulties, the 
v(Z) measurements were performed with slightly smaller gains in the photo­
multiplier tube amplifiers than was used for the v(Z) runs. Hence th<=> 
value of £ used in section 5.1 did not apply to the v(Z) data. Therefore 
the total neutron emission found in the present work (weighted over the
charge distribution observed) was normalised to the accurate, weighted
( 11)total neutron emission found by Nifenecker et al, for the same Z
region, Z = 39-45, to determine the tank efficiency. This means, of 
course, that the present v(Z) values are relative values, rather than 
absolute. Still, it is the shape of the v(Z) curve which is of primary 
importance and the shape is not affected by this method of normalisation. 
This procedure implied a 4ft neutron detection efficiency of 37 per cent.
It should be mentioned that it is not permissible to simply normalise 
the total neutron emission observed in the v(Z) data up to ( Cf) =
3.724 for two reasons:
(i) 'selectivity' of X-ray emission wherein different fragments
have different probabilities of emitting an X-ray. This 
biases the fragment yield distribution observed in charge
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Fig 5.M Neutron emission versus fragment charge.
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studies away from the familiar mass-yield distribution,
(ii) Even if selectivity were not present, only seven charge pairs have
been measured in the present experiment. This is too few to be
representative of the full spectrum of fission fragment masses.
The final v(Z) results are listed in Table 5,5, Also given are the
values of vtota^(Z), the total neutron emission from a fragment pair versus
the charge of the light fragment. Table 5.6 lists the experimental errors.
Figure 5,14 shows the v(Z) and curves. The expected 'sawtooth'
behaviour for v(Z) is clearly seen. However, the v(Z) slope for the heavy
fragment group is substantially lower than that measured by Nifenecker et al. 
(9) . The present data is compared with the data of (9) in Figure 5.15. A 
new feature is that data for the pair Z = 39, 59 has been obtained in this 
experiment. Assuming that the pronounced peak at Z = 54 seen in this work 
is not a genuine effect, then the present data implies dv/dZ (Z = 53-59) 
^0.07 neutrons per Z, whereas the data of (9) implies dv/dZ (Z = 53-58)
~0.14 neutrons per Z. For the light fragment group however, the agreement 
between the two sets of data is good. The points at Z = 42,44, 45 of 
this work are slightly higher than those of (9), but this is not really 
significant as the present errors are relatively large and the two data 
sets are based on slightly different normalisation procedures. The 
effect of the lower slope for the heavy group is to produce a significantly 
larger slope in the present data than that observed in (9),
From this work dv ,/dZ (Z = 40-45)^0.13 neutrons per Z. From (9)total
dv /dZ (Z = 40-45) -''0.035 neutrons per Z. Even though the final errorstotal *
associated with the present results are about three times larger than 
those of Nifenecker et al., the factor of about three difference in
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TABLE 5.5
MEASURED AVERAGE NEUTRON EMISSION VERSUS 
FRAGMENT CHARGE ^
Z v(z) Z v(z) VT0TAL^Z^
39 1.12 + 0.19 59 1.87 + 0.35 2.99 + 0.40
40 1.62 + 0.19 58 1.79 + 0.27 3.41 + 0,33
41 1.65 + 0.16 57 1.68 + 0.24 3.33 + 0.29
42 2.29 + 0.24 56 1.47 + 0.21 3.76 + 0.32
43 2.04 + 0.14 55 1.74 + 0.17 3.78 + 0.22
44 2.53 + 0.33 54 1.96 + 0.27 4.49 + 0.43
45 2.59 + 0.28 53 1.47 + 0.19 4.06 + 0.34
(a) Data normalised to total neutron emission of (11)
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TABLE 5.6
SOURCE OF ERRORS IN v(Z) RESULTS
z
7, Error in v ( Z ) ^  
(S tatis tical)

















(a) Error calculated solely from total number of 
neutrons observed.
(b) Final error after Compton neutron background 
correction applied (equation 5.11), Error 
in Bc is 107,; error in a^ is 47o.
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^Vtotal^Z between the two data sets certainly appears to be genuine.
In December 1972, when the measurements for the present work were
close to completion, Nifenecker et al., in a private communication to
( 11 )the candidate , reported the results of a study of total neutron 
. . 2 52emission versus Z for Cf spontaneous fission. In this experiment the 
californium source was placed at the centre of a large liquid scintillator 
tank. With this 47t neutron detection geometry, neutrons from individual 
fragments could not be measured - only the total neutron emission from a 
given fragment pair could be recorded. However, such an experimental 
design provides much higher fission counting rates than can be obtained 
in studies of individual fragments, enabling greater accuracy of results. 
The accuracy achieved for vtota^(^) -̂n (H) was markedly better than that 
of (9). Figure 5,16 shows the very accurate results of (11) compared 
with the data of the present experiment for the same range of Z, The 
data of (11) implies dv /dZ (Z = 40-45)^0.10 n/Z, in good agreement
UO la J.
with the value of ̂ 0.13 n/Z found in the present work.
From Figure 5,16 the high value for Vfco  ̂ (Z = 44,54) in the
present work appears non-genuine. It is caused mainly by the spuriously
high v(Z) value for fragment Z = 54. Also, the vtQta  ̂ (z = 39, 59)
value of this work is considerably lower than that of (11). However the
v (Z = 39 59) point of this work is the least accurate of all the
total ’
data points, its percentage error being 14 per cent compared with 8 to 9 
per cent for most of the rest (see Table 5.6),
The present results do not suggest the existence of the odd-even Z 
effect in the neutron emission, which was described in section 3.3. A 
weighted average over the even charges Z = 40, 42, 44, gives
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Vtotal (Z = 40’ 42’ 44) = 3,61 ± 0,19 
A weighted average over the odd charges Z = 41, 43, 45 gives 
V total (Z = 41’ 43> 45) = 3.52 + 0.15
The odd-even difference measured is thus 0.09 + 0.24 neutrons. This is
to be compared with the expected difference of 0.2-0.3 neutrons. The errors
associated with this work are relatively large however, and therefore
these results do not definitely deny the existence of the odd-even effect
in v(Z). It is only with the evidence from the recent accurate French
w o r k ^ ^  on total neutron emission that one can confidently say the effect
does not exist. Nifenecker et a l . ^ ^  found v  ̂ , (even charges) =total
3.712 + 0.005 and V , (odd charges) = 3.685 + 0.005, a difference of
U U  L a i
0.027 + 0.007 neutrons. The final chapter of this thesis examines the 
consequences of this effect not being found.
/ Q \ #Nifenecker et al. reported the existence of two plateau regions 
in their heavy group v(Z) data, one plateau for charges 52~53-54 and 
another for charges 55-56-57 (see Figure 3,13). They claimed a 
correlation between this 'fine structure and the fine structure observed 
in the mass yield curve. This suggestion is discussed more fully in the 
following chapter. The present data contain no evidence of plateaux in
the same region.
Unfortunately, there was not enough time available to obtain results 
for single fragment kinetic energy versus Z, i.e. ER(Z). This situation 
arose mainly because of unforeseen computer software delays m  modifying 
the program MASSIVE to perform the Cf v(A) analysis.
73.
In the v(Z) analysis above, the E line pulse height information was
used to classify fragments into the light or heavy mass group. The
dividing line was chosen as the symmetry mid-point of the pulse height
spectrum of detector 2. This was originally intended to be only an
approximate method. If the E (Z) analysis had been done, the class ifica-
tion into light or heavy mass groups would have been known exactly (because
the fragment mass for each event would have been known). It is unlikely
however that this approximate classification method has introduced any
significant error to the present v(Z) results. The time-of-flight
(94)measurements of Whetstone showed that ^5 per cent of the heavy 
fragments have kinetic energies greater than the energy at the symmetry 
mid-point, while only ~1.5 per cent of the light fragments have energies 
less than this value. However, the majority of these fragments have
masses in the symmetric region A = 120-135, a region not covered by the 
present v(Z) data.
The error bars on the present data are larger than those of (9)
(Figure 5.15). The reason is the larger statistical errors. The 
present counting rate was necessarily reduced by a factor of two over 
that planned because at the time the apparatus was set up only small,
1 cm2 active area surface barrier detectors were available, rather than 
the larger 2 cm2 area detectors that it was originally intended to use. 
Also, a significant amount of data recording time was lost through 
malfunction of the magnetic tape deck control unit. This unit displayed 
a tendency to lock into a mode wherein the last 'bit of each eight bit 
word was not generated, thus providing unusable data. It should be 
mentioned again though that the present data have been obtained with 
markedly better charge resolution than was used in (9).
CHAPTER 6
DISCUSSION
HEAVY FRAGMENT MASS NUMBER
Fig 6.1 Surface (a). Coulomb (b). asymmetry (c). and total(d) 
energy changes for the fission of U235, as calculated from 
a semi-empirical mass formula. From [8].
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The v versus Z work is the major endeavour of this thesis and 
will therefore be discussed first.
6.1 Charge Study
6.la Odd-even Z Effect
( 11 )The results of the present work and also of Nifenecker et al.
imply that the expected 0.2 to 0.3 neutrons excess emission of evenly
charged fragments over oddly charged fragments does not exist. It is
necessary therefore at this point, to examine the theoretical basis for
expecting such an effect. The following is a more exhaustive examination
of the argument which was presented in restricted form in section 3.3,
/ o \Equation (6.1) shows a form' of the semi-empirical mass equation
which is a somewhat simpler version of the more common mass equations 
(58, 104, 105)
E.„ = A
LA* a : >A 5A2 J
+ A (AJs - A *  - t%) +
+ A
r (A-2Z)2 ( A j ^ z p 2 (A2-2Z2)2 " + A
2
Here E^ is the total energy released in the fission of a compound nucleus
(A, Z) into two fragments (A^Z^) and . Ag, Ac and are the
surface, Coulomb and asymmetry coefficients respectively and A is a term
to represent shell and pairing effects. Figures 6.1a, b and c (taken
from the work of Thomas and Vandenbosch^) show the behaviour of each of
236the first three terms of equation (6.1) for the compound nucleus U.
Their sum is shown in Figure 6. Id. The parabolae shown in Figure 6.Id 
connect points corresponding to a given division of charge, for even Z-even N










¡Jl70>- MH 126 130 135 140 145 150 155 160
ML 126 122 117 112 107 102 97 92
FRAGMENT MASS
Fig 6.2 (a),(b),(c) See text.
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fragments. The peaks of the oscillations are very nearly 5 mass units 
apart. This is because the mass number of the most stable nuclide for 
a given Z changes about 2.5 units for a unit change in Z, Adding in the 
effect of the A term in equation (6,1) causes the energy release surface 
for odd-mass fragments to be depressed below that for even-even fragments.
This feature is illustrated by Figure 6.2a, which shows the energy release
2 52 (98)surfaces for Cf as calculated by Schmitt et al, using the mass
equation of Wing-Fong. The upper parabolae are for even Z-even N
fragments, while the lower parabolae are for odd Z-odd N fragments. The
Q values for fission into odd A nuclei form a set of parabolae at energies
between the two sets shown. As before, each parabola connects points of
constant charge division.
The validity of the calculations of the energy release curves can be
seen by comparing Figures 6.2b and c with Figure 6.2a. Figure 6,2b 
2 52shows the Cf mass yield for a particular region of light fragment
energy^^. (This region is one which follows the average position of a 
contour in the 252Cf mass-energy surface). The fine structure peaks in 
the mass yield curve coincide with the peaks of the even-even energy 
release curves. These occur at heavy fragment mass numbers 134, 140,
146, 152, 156 and 162. Figure 6,2c shows the Cf total fragment kinetic 
energy versus mass curve^ Fine structure effects can be seen at masses
140, 146 and 156. Now the total energy release for even-even fragments 
is greater than for odd A and odd-odd fragments. Thus the even-even 
configurations are energetically preferred in the fissioning system. 
Therefore the structure in the mass surface should be preferentially 
determined by the mass surface for even-even fragments, as distinct from
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the odd A or odd-odd fragments. And this is precisely what is observed!
This agreement in location between mass yield fine structure and
even-even fragment energy release curves also occurs for thermal neutron 
r 23 5tt 233tt j 239 (8, 100, 106)fission of U, U and Pu , Indeed, for each of the four
fissioning systems considered, the fine structure is associated with
identically the same heavy fragment mass numbers. This fact is
suggestive of the universal nature of the fine structure phenomenon and
( 8)lends further support to the semi-empirical mass equation calculations' 
described above.
The basis for postulating an odd-even Z effect in fragment neutron 
emission (note that 'odd-even' here describes Z only) can be easily seen 
by referring to Figure 6.2a. An even Z fragment can have N either even 
or odd. If N is even, the total energy release Q (for two such even Z 
fragments) will be given by one of the upper curves. If N is odd, Q will 
lie on a nearby intermediate energy curve.
Assuming that each possibility is equally probable, then the average 
Q for two even Z fragments will be approximately midway between the upper 
and intermediate energy curves. By the same argument the average Q for 
two odd Z fragments lies approximately midway between the lower odd-odd 
curves and the intermediate energy curves. Using the energy scale shown 
in Figure 6.2a, one finds the average Q for the even Z pair to be about 
2 MeV larger than that for the odd pair. Assuming that this extra total 
energy passes wholly into fragment excitation E , then the E for an even 
Z pair should be enhanced by about 2 MeV over that for the odd Z pair.
It is well known that the majority of fragment excitation energy appears 
finally as neutron emission. Assuming dE /dV/^6,6-10 MeV/neutron (see
Fig S.3 Average total gamma ray 
energy versus charge of 
light fragment. From [ll].
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section 3.2) gives a neutron enhancement for the even pair of 0*2 to 0.3 
neutrons over the odd pair.
However, experimentally no such effect on the neutron emission is 
observed. Clearly though, the effect _is genuine for the total energy 
release. Therefore either
(i) the excess energy release passes not into fragment excitation 
energy but into fragment kinetic energy, or 
(ii) the excess does pass into fragment excitation, but this extra 
excitation passes not into neutron emission but into prompt 
gamma ray emission, or even perhaps into the average energy 
carried away by the neutrons.
Nifenecker et a l . ^ ^  investigated possibility (i) and found no odd-
even Z effect in the fragment kinetic energies. Possibility (ii),
however, is more promising. In their recent study on total neutron
emission^"^, Nifenecker et al. also measured the total prompt gamma ray 
2 52energy in Cf fission as a function of the charge of the fragments. 
They found a distinct odd-even effect. The average for the even Z 
fragment pairs exceeded the average E^ for the odd pairs by 0.66 + 0.05 
MeV. Figure 6.3 shows their data for the light fragments. Even though 
this result is an important step forward, the value of 0.66 MeV is still 
too small to account for the 2 MeV excess energy available from the total
energy release.
It may well be that the ’missing' 1.3 MeV of energy contributes to 
the energy carried off by the neutrons. That is, the neutrons emitted 
from a pair of evenly charged fragments have about 1.3 MeV more energy 
associated with them than those emitted from two oddly charged fragments.
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The energy carried away per neutron is equal to the sum of the binding 
energy and the centre of mass kinetic energy of the neutron. It is
known from mass tables that the neutron binding energies show odd-even 
fluctuations with respect to the number of neutrons but not to the number 
of protons in the nuclei^^ , Therefore it is likely that the remainder 
of the excess Z pairing energy appears as neutron kinetic energy. 
Unfortunately, no direct measurements of the charge dependence of the 
fission neutron kinetic energy have been reported. Such a measurement 
needs to be done to resolve the problem.
6.1b v(Z) Behaviour for Heavy Fragment
There are two other important findings associated with the v(Z)
measurements of this thesis. The first is the significantly lower slope
for the heavy fragment v(Z) curve. The present work found a slope of
about 0.07 neutrons per Z. This value is half that found by Nifenecker 
(9)et al. , viz 0.14 neutrons per Z. For the light fragment group
however, both data sets are similar. The present work found a slope of
(9)0.19 neutrons per Z, while Nifenecker et al. found 0,17 neutrons per Z, 
The lower heavy fragment v(Z) slope reported in this thesis is the more 
likely to be correct. This is so for two reasons. Firstly, from the 
v(A) data (Figure 5.6)dv(A)/dA (A = 135-150, heavy group) is about one 
half dv(A)/dA (A = 100-115, light group). The mass regions considered 
here correspond to the charge regions of Figure 5.14, viz Z = 39-45 and 
Z = 53-59, respectively. Therefore, because of the correspondence 
between A and Z,one would expect a similar ratio of slopes for the 
v(Z) data. Secondly, as mentioned in section 5.2, the lower v(Z) slope
Fig 6.4 Calculated Vi A) behavior compared
with mass yield curve (101). The V(A) 
values are derived from V(Z) data. 
From [9j.
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for the heavy group produces a ^vtQ ^/dZ slope in good agreement with 
the recent accurate dv ,/dZ slope reported by Nifenecker et a l . ^ ^
L U  L a  i.
The second finding to be noted is the clear absence of plateaux 
at Z = 52-53-54 and Z = 55-56-57 as reported in (9). Nifenecker et al. 
converted their heavy fragment v(Z) data to v(A) data via
- _ „ 2 52 0
m ^ X 98 ” ^ ...(6.2)
where m is the most probable fragment mass for a given charge Z,and
. . 2 52obtained the curve shown in Figure 6.4. Also shown is the Cf heavy
(91')fragment mass yield curve of Fraser et al. 1 Nifenecker et al. 
suggested a correlation between the v(A) plateaux (at A = 136-141 and 
A = 143-149) and the ’humps’ in the mass yield curve in the same region. 
They claimed that if this correlation is genuine, then the mass yield 
fine structure might not be a Z parity effect as has been generally 
thought^’ ̂  ̂ , The authors suggested an alternative explanation in 
terms of the cluster model of fission^^^. According to this model, 
certain cluster structures formed in the compound nucleus before fission 
remain essentially unaffected throughout the fission process. Further, 
the fragment excitation energies are directly related to the different 
cluster structures. According to Nifenecker et al, then, if each mass 
yield hump corresponds to a given cluster, it is not surprising that the 
excitation energy appears to be constant in the mass (charge) region 
corresponding to a given hump.
However, it is probable that this plateau effect is not genuine.
The v(A) data show no evidence of plateaux at mass regions 136-141 and 
143-149 (Figure 5.6). Also the v(Z) data of the present work show no
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indication of such an effect.
6.2 Mass and Kinetic Energy Study
The most important outcome of the v versus mass and kinetic energy
work was the finding of fine structure peaks in the total neutron emission,
Figure 5.7, and in the v(A) curve of Figure 5.A which correlate exactly
with the positions of the fine structure peaks in the mass yield curves.
This is a major result. The only previous workers to have reported
similar fine structure effects were Milton and Fraser, for the light
fragment v ( A )  curve of v ^ ( A )  data of Signarbieux et al.
(Figure 5.8) suggest fine structure also, however these authors have made
. (99)no comment on this fact . The question then arises as to why Bowman
et alv missed seeing this structure. Their v^(A) curve shows only a
smooth variation with mass (Figure 5.8), The statistical errors of the
Bowman data points are about the same as those of the present data
(Table 5.3). The Bowman mass resolution, however was 6,2 amu (FWHM),
Recently, the mass resolution of silicon surface barrier fission detectors
(93)calibrated by the Schmitt procedure has been investigated in detail 
and has been found to be ̂  4 amu (FWHM)^^^. The method used was to 
study the yield of mass-sorted K X-rays in coincidence with fission.
The spread of the measured yields provides an upper limit to the experi­
mental fragment mass resolution. The surface barrier detectors and 
associated electronics of (108) were similar to that used here. There­
fore the mass resolution of the present work is probably ~4 amu (FWHM) 
also. The fine structure in the mass yield curves occurs with spacings 
of 4 and 6 amu. Most likely the Bowman et al, resolution of 6.2 amu was 
just sufficiently large to smear out the fine structure peaks in the 
neutron yield curves.
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The present results have not yet been corrected for mass resolution, 
ft is expected though that this correction will be small, amounting to 
dispersion shifts of ̂ 1 amu^ 9 \ This expectation is borne out by
the good agreement above mass 136 between the present V̂ ,(A) data and the
data of Signarbieux et al/ \ which have been resolution corrected 
(Figure 5.8).
It is interesting that whereas the 'expected'odd-even Z effect in the 
neutron emission is not observed experimentally the neutron emission versus 
mass data do contain fine structure. As discussed in the preceding section 
this fine structure arises from the parabolic behaviour (versus fragment 
maŝ s) of the total energy release curves for the energetically preferred 
even Z-even N configurations (Figure 6.2a). Thus one can conclude that 
the gross total energy release fluctuations are reflected in the neutron 




Recently new surface barrier fragment detectors have been acquired.
These have an active area four times that of the detectors used in the
present work. It is intended to insert these detectors into the
experimental system to provide higher count rates and to thereby reduce
the present v(Z) statistical errors. The X-ray pulse height analysis
will be performed using 1024 channels rather than the present 220 channels.
With increased data rates it will be feasible to use two fragment
detectors in coincidence to study the charge dependence of the Cf
total fragment kinetic energy. No work has been reported on this. A
high (X-ray) resolution measurement is needed here to improve on the lower
(9)resolution single fragment kinetic energy data , so that the problem of 
the 'missing' 1.3 MeV of excess energy might be nearer solution.
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